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stress conditions, including temperature fluctuations, salin-
ity, water availability, or chemical exposure. Under these 
conditions, increases in these metabolites (especially phe-
nolic compounds and GSLs) have been linked to primary 
responses such as water uptake associated with stress toler-
ance, thus maintaining growth, yield and reproductive capa-
bilities (Mackenzie and Mullineaux 2022; Nicolas-Espinosa 
et al. 2023). This role of secondary metabolites has led to 
increased research into their potential as biostimulants 
(Kisiriko et al. 2021), which could be crucial in dealing with 
the issues caused by abiotic stresses, exacerbated by climate 
change. Furthermore, these biostimulants represent a sus-
tainable and environmentally friendly agricultural practice, 
mainly if they are derived from natural products (Xu and 
Geelen 2018).

Specifically, phenolic compounds have been reported 
to be involved in defense mechanism, safeguarding plant 
constituents (Ray et al. 2024). They have been found in all 
plant organs as an adaptation to respond to external stress-
ors like ultraviolet radiation, microorganism and insect 
infestations, and different climatic conditions (Shukla et 

Introduction

Plant metabolites, both primary and secondary, play cru-
cial roles in the growth and survival of plant species, with 
complex and interconnected metabolic pathways being key. 
While primary metabolites directly contribute to vital cel-
lular processes, secondary metabolites, such us phenols, 
terpenes, and nitrogen/sulfur-containing compounds like 
glucosinolates (GSLs) serve multifunctional roles (Aharoni 
and Galili 2011). On the one hand, they primarily respond to 
environmental conditions, but they also play crucial roles in 
regulating plant growth and development together primary 
metabolites (Chen et al. 2022; Tariq et al. 2023). Second-
ary metabolism is often linked to plant responses to abiotic 
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Abstract
The nutritional value of broccoli is largely attributed to its abundant secondary metabolites such as phenolic compounds 
and glucosinolates (GSLs). However, the dynamic relationship between these compounds, including potential synergistic 
or antagonistic interactions that influence plant physiology and metabolism, remains unclear. In this study, we aimed to 
elucidate the intricate interplay between phenolic compounds and GSLs in broccoli plants and their consequent effects on 
primary metabolism and regulatory mechanisms governing water and nutrient uptake. To investigate this, we externally 
supplied citric phenolic compounds to broccoli plants, and then measured the levels of GSLs and phenolic compounds, 
along with assessing physiological parameters such as biomass, gas exchange, and nutrient content. Additionally, the 
expression of genes related to GSLs and phenolics biosynthesis, as well as genes involved in water transport were mea-
sured. Our results revealed a complex interrelation between phenolic compounds and GSLs, with phenolic compounds 
significantly modulating the response of GSLs and influencing the expression of aquaporin genes. This modulation had 
notable effects on nutrient regulation mechanisms in broccoli plants. Overall, our findings shed light on the regulatory 
mechanisms underlying the interaction between phenolic compounds, GSLs and growth, providing insights into their roles 
in plant physiology and metabolism.
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al. 2023). Several techniques have been developed for the 
extraction of these metabolites (Gomez-Molina et al. 2024) 
and the utilization of these compounds for diverse applica-
tions including food science, pharmaceuticals, biomaterials, 
and environmental remediation (Okumura 2021). In plants, 
it has been reported that the potential biochemical mecha-
nisms effect of the external addition of phenolic compounds 
in plants primarily involved an increase of the antioxidant 
system, gas exchange, and nutrient-water uptake (Pollastri 
and Tattini 2011), but also in maintaining fruit quality and 
preventing fruit diseases (Liu et al. 2010, 2023). In addi-
tion, previously we determined that the foliar application 
of citrus flavonoids in tomato plants mainly influenced the 
stimulation of photosynthesis, increasing CO2 fixation, H2O 
uptake due to increasing stomatal conductance and nutri-
ent uptake leaded to higher growth that was also related to 
higher levels of the hormone zeatin (Martinez-Alonso et al. 
2022, 2023).

However, the diverse molecules within the group of phe-
nolic compounds can lead to variations in their physiologi-
cal effects. Besides, further research efforts are required to 
elucidate the interaction between exogenously applied sec-
ondary metabolites and the pathways of secondary metabo-
lism in plants. To address these issues, we investigated the 
application of citrus polyphenols to a plant species with a 
highly complex secondary metabolism, such as Brassica 
oleracea L. var. italica (broccoli). Broccoli has been exten-
sively studied due to its numerous beneficial health proper-
ties, that have made it a crop of great agronomic interest 
due to its increasing consumption. It is characterised by a 
high complexity of secondary metabolites, highlighting 
GSLs and phenolic compounds, which contributes to its 
nutritional value and potential health benefits (Moreno et 
al. 2006). Nevertheless, the levels of these compounds are 
highly variable, depending on factors such as plant vari-
ety, growing conditions and environmental stress (López-
Berenguer et al. 2009).

GSLs and phenolic compounds have been reported to play 
crucial roles in regulating physiological processes in plants, 
including growth, development, and responses to biotic 
and abiotic stresses, as they can modulate gene expression, 
enzyme activity, and signalling pathways involved in plant 
defense, stress tolerance, and adaptation to environmental 
changes (Wang et al. 2022). However, the interplay between 
these compounds and their synthesis pathways have poorly 
studied. GSLs and phenolic compounds can interact with 
each other and with other secondary metabolites in the 
plant, influencing their biosynthesis, accumulation, and bio-
logical activities (Nicolas-Espinosa et al. 2023). Therefore, 
as brassica plants have sophisticated regulatory mechanisms 
to balance the production of secondary metabolites as GSLs 
and phenolic compounds, feedback regulation mechanisms 

may occur in response to the tightly controlled aimed at 
optimizing growth.

We hypothesised that external application of phenolic 
compounds would modify the biosynthesis of secondary 
metabolites in broccoli and interact with primary metabo-
lism, leading to alterations in the latter. To investigate this, 
in our study, we externally supplied phenolic compounds 
extracted from citrus fruits to determine their effects on 
GSLs and intrinsic phenolics in broccoli. Additionally, we 
evaluated their impact on physiological parameters such as 
biomass and gas exchange, as well as on mineral nutrients, 
primary metabolites, and gene expression related to GSLs, 
phenolics biosynthesis, nutrient and water transport.

Materials and methods

Experimental design and growth conditions

Broccoli plants were grown following the standard proce-
dures in broccoli production fields. The experiments were 
conducted from January to March under Mediterranean 
climate in fields located in the southeast of Spain, specifi-
cally in Lorca (Region of Murcia). Two random blocks 
were selected that included 3 planting rows, and one block 
received the foliar treatment by spraying once when plant 
was 1 month old. The foliar treatment consisted of applying 
a phenolic-enriched extract of Citrus sp. (Citrus Phenolic 
Extract, CPE containing 12% of flavonoids) mainly narin-
genin at 20 mg mL − 1, neohesperidin at 18 mg mL− 1 and 
rutin at 12 mg mL − 1 at a concentration of 3 mL L− 1. The 
other block was maintained as control plants. The plants 
were harvested after 2 months from the foliar application.

Fresh and dry weight

Plants were harvested and separated into aerial part and 
roots. A total of eight plants of each condition (control 
and CPE) were weighted to obtain fresh weight (FW). Dry 
weight (DW) was obtained after drying four plants at 75 °C 
for 48 h.

Gas exchange parameters

Photosynthetic capacity was measured in fully-expanded 
leaves using a TPS-2 Portable Photosynthesis System (PP 
Systems, Inc., Amesbury, MA, USA). It was taken 3 differ-
ent measurements on three different leaves for eight plant of 
each treatment (control and CPE).
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Mineral content analysis

The concentrations of macronutrients (Ca, K, Mg, P and S), 
micronutrients (B, Fe, Mn, Mo, Si and Zn) and Na were 
measured in four dried plants, distinguishing between the 
aerial part and roots. All the samples were grounded into 
a fine powder. The analyses were conducted at the Ionom-
ics Laboratory (CEBAS-CSIC, Murcia, Spain) as described 
Nicolas et al., (Nicolas-Espinosa et al. 2024). The nutrient 
concentrations were expressed as mg 100 g− 1 DW for mac-
ronutrients and mg g− 1 DW for micronutient.

The total carbon and nitrogen content were determined 
using the Elemental Analyzer model TRUSPEC CN628. 
Lyophilized samples of leaf and fruit from 3 selected plants 
of each cultivation were ground into a fine powder using a 
grinder (Taurus Aromatic, Lleida, Spain). For each ground 
sample, 0.1 g of the solid sample was placed in a tin capsule 
and then closed and introduced into the autosampler of the 
equipment. The C/N concentration was obtained directly in 
g 100 g− 1.

Metabolomic analysis/NMR analysis

50 mg of lyophilized powder of the aerial part of control 
and treated broccoli plants were mixed with 1,200 µL of a 
methanol: water mixture (MeOH: H2O; 1:1), and vigorously 
vortexed. The samples were subjected to three rounds of 
sonication and were then incubated for 30 min at 4 °C. Fol-
lowing this, the samples were centrifuged at 11,000 x g for 
20 min at 4 °C. The supernatant was dried overnight using 
a Speed-Vacuum. The dried samples were reconstituted in 
800 µL of a 100 mM potassium phosphate buffer, pH = 6.0 
(diluted in 100% D2O) + 0.58 mM of TSP-d4 (internal stan-
dard). Then, the samples were filtered using 0.45 μm pore 
diameter Nylon filters and 600 µL were loaded into a 5 mm 
NMR tube for quantification via H-NMR. The analyses 
were conducted at the Metabolomics Laboratory (CEBAS-
CSIC, Murcia, Spain).

Glucosinolates and phenolic compounds analysis

In order to purified GSLs and phenolic compounds, 100 mg 
of the lyophilized powder of the aerial part of control and 
treated broccoli plants were extracted with 1 mL of 70% 
methanol in water (CH3OH: H2O; 1:10). The extraction 
process was carried out in a water bath at 72  °C during 
30 min, with vortexing every 5 min. Next, the samples were 
cooled in an ice bath for 15 min and subsequently centri-
fuged at 10,000 x g for 15 min. The resulting supernatant 
was collected and filtered through a 0.22 μm diameter Mil-
lex Syringe Filter, Durapore (PVDF) by Merck Millipore 
(Billerica, MA, USA), into vials for HPLC-MS analysis. 

The analysis was conducted using High-Performance Liq-
uid Chromatography – Mass Spectrometry (HPLC-MS) at 
the Metabolomic and Proteomic Laboratory (ACTI - Mur-
cia University, Spain) following the procedure described by 
(Albaladejo-Marico et al. 2024).

RNA extraction and cDNA synthesis

Aerial part and root samples from four plant of each treat-
ment stored at -80 °C were ground into a fine dust using liq-
uid nitrogen. Total RNA was extracted from 50 mg of each 
sample using the NZY Total RNA Isolation kit (Nzytech, 
Lisbon, Portugal) following the manufacturer’s instructions. 
The quantity and purity of RNA was determined using a 
Nanodrop 1000 Spectrophotometer (ThermoFisher Scien-
tific, Waltham, MA). The RNA was stored at -80 °C until 
use. The RT Master Mix for qPCR II Kit (HY-K0510A-
MedChemExpress, Sollentuna, Sweden) was used to syn-
thesise cDNA from 2  µg of total RNA, according to the 
protocol provided by the manufacturer.

Quantitative real-time PCR (RT-qPCR) analyses

RT-qPCR was carried out in an Applied Biosystems 7500 
Real-Time PCR system utilizing 2 µL of cDNA samples 
(1:10 diluted) within an 8 µL reaction mixture (600 nM 
gene-group primers (Table  1) and 5 µL of SYBR Green 
Master Mix 2X (Applied Biosystems). The amplification 
protocol comprised a two-step process: initial denaturation 
at 95 °C for 10 min, followed by 40 cycles of 15 s of dena-
turation at 95 °C and 1 min of annealing and extension at 
60 °C. Subsequently, a dissociation stage was performed. 
These conditions were used for both target and reference 
genes. Three technical replicates and three biological sam-
ples were tested for each treatment. Transcript levels were 
calculated using the 2–ΔΔCt method (Livak and Schmittgen 
2001) for both target and reference genes.

Statistical analysis

Statistical analyses and data presentation were conducted 
using Origin(Pro) (Version 2021 software package by 
OriginLab Corporation, Northampton, MA, USA) and 
R Studio software (R Core Team 2018). These tests were 
preceded by a normality test and a Grubbs’ test to identify 
potential outliers. All the acquired data were subjected to 
a T-test. Significance levels are denoted as follows: * for 
p < 0.05, ** for p < 0.01, *** for p < 0.001, and n.s. for 
no significant differences. All presented values represent 
means ± SE. R packages FactoMineR (Lê et al. 2008) and 
factoextra (Kassambara and Mundt 2020) were used to gen-
erate Principal Component Analysis (PCA).
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Modification of nutrient profile of broccoli plant in 
response to CPE treatment

The mineral content of control and CPE-treated broccoli 
plants was analysed to find differences in macronutrients and 
micronutrients due to externally applied flavonoids. Using 
multivariate analysis, specifically a PCA, it was determined 
that foliar treatment with flavonoids caused an alteration in 
the nutrient profile of the treated plants in both the aerial and 
root parts (Fig. 2A-B). As for the macronutrients, the groups 
of both the aerial part and the root part of the plants treated 
with CPE are in the upper part of the plot, which mainly 
indicates a positive correlation with the variable K, while 
the control groups are in the lower part, correlating posi-
tively with C (Fig. 2A). In the case of the micronutrients, 
the groups referring to the treated plants are in the lower part 
of the plot, being positively correlated with the variables Zn 
and Cu (Fig. 2B). In addition to the multivariate analysis, 
individual representations of some elements of interest have 
been made. The total nitrogen and carbon content were not 
significantly altered in either the aerial or root part (Fig. 2C-
D). Ca concentration decreased significantly in the aerial 
part of the treated plants (Fig. 2E). As for K, P, and Zn con-
centrations, these increased significantly in both the aerial 
and root parts of plants treated with CPE (Fig. 2F-H).

Response of primary and secondary metabolism to 
CPE treatment

The primary metabolism of the aerial part of both control 
and CPE-treated broccoli plants was determined using NMR 
(Table  2). Concerning organic acids, citrate and malate 
exhibited a significant increase in the treated plants. Con-
versely, certain amino acids, such as GABA, arginine, and 
valine, showed decreased levels. Glutamate levels increased 
in the treated plants, reaching a concentration of 2.05 mM, 
while the control plants exhibited a concentration of 1.29 
mM. Additionally, the treatment resulted in a significant 
decrease in maltose levels.

Furthermore, secondary metabolism was analysed in both 
control and treated broccoli plants, focusing on the main 
phenolic acids and GSLs of broccoli (Fig. 3). All phenols 
measured (caffeic acid, sinapic acid and chlorogenic acid) 
exhibited significant decreases in broccoli plants treated 
with CPE (Fig. 3A). Regarding GSLs, the total concentra-
tion of these compounds measured by NMR decreased in 
the treated plants compared to the control (Table 2). How-
ever, when two specific GSLs (GRA and GBA) were ana-
lysed using HPLC, no significant decrease was observed 
(Fig. 3B).

Results

Response of biomass and gas exchange parameters 
to foliar application of CPE in broccoli plants

Broccoli plants that had been foliar treated with CPE sig-
nificantly reduced their biomass. Both the aerial part and 
the root showed lower FW and DW (Fig. 1A-B). Untreated 
plants showed a total FW of 794.7 g and a DW of 85.0 g, 
while treated plants had a FW of 139.0  g and a DW of 
13.2 g. Regarding the gas exchange parameters measured 
prior to plant harvesting, none of the parameters exhibited 
significant differences, with evaporation, stomatal conduc-
tance (Gs), net photosynthetic rate (An) and substomatal 
CO2 concentration (Ci) remaining at the same values as 
those of the untreated broccoli plants (Fig. 1C-F).

Table 1  Primer set for expression analyses
Gene name Forward (5’-3’) Reverse (5`-3’)
AKT1 ​G​T​A​G​A​G​G​G​A​G​A​C​A​C​G​A​G​A​

T​A​G
​G​C​T​T​C​T​A​G​C​T​C​
C​A​A​G​T​G​A​T​G

HAK5 ​C​G​G​A​G​A​A​G​G​A​G​G​A​A​C​A​T​T​T​G ​G​G​C​T​C​T​T​G​G​T​T​
T​G​G​G​A​T​A​A​G

BCAT4 ​G​A​C​A​A​C​T​A​T​T​G​C​G​T​C​C​G​T​A​
A​C​C

​C​T​T​A​T​C​C​T​C​T​A​
C​C​C​G​A​C​C​C​A​T​C

BCAT3 ​G​G​T​C​T​C​T​A​C​T​C​C​T​G​A​A​A​T​A​A​G ​C​T​A​G​T​A​A​C​T​C​A​
T​C​C​A​C​T​G​T​C

MYB28 ​C​G​G​G​A​G​A​G​A​T​G​A​G​C​A​C​A​A​
T​A​C

​C​A​G​C​C​C​T​C​G​A​
A​G​T​T​T​C​C​T​A​T​C

MYB29 ​A​C​A​C​T​G​T​C​T​C​C​T​C​C​A​T​G​T​C​T​C ​A​C​T​G​C​G​A​G​A​A​
A​T​C​G​T​G​T​T​C​G

MYB34 ​G​G​G​A​T​C​T​T​G​T​A​A​C​C​G​G​A​A​T​C ​G​A​A​C​A​G​T​T​G​T​C​
G​G​A​G​A​A​A​C​C

MYB122 ​G​A​C​C​A​G​C​T​T​T​A​T​C​A​G​G​A​A​G​G ​G​A​A​G​A​A​A​G​G​A​
G​C​A​T​G​G​A​C​T​C

Shik ​C​T​A​T​C​A​T​C​T​A​T​G​G​G​T​C​G​G​C​T​
T​G

​T​T​A​G​C​T​G​C​G​A​T​
T​T​C​C​A​G​A​G​G

CitrS ​C​C​T​C​T​G​A​T​T​G​A​G​G​T​A​G​C​A​G​
T​T​G

​G​G​A​T​T​C​C​C​A​T​T​
G​C​C​C​T​A​T​A​G​A​C

PT-AL ​C​T​A​C​A​A​C​C​C​A​A​G​G​A​A​G​G​C​T​
T​A​G

​T​C​C​G​C​T​A​A​C​A​C​
C​G​A​T​T​G​A​A​C

PIP1;1 ​A​C​A​G​C​T​T​C​C​G​G​G​C​T​A​A​G​A​A​C ​T​T​T​C​G​A​G​C​C​T​G​
G​T​G​A​G​C​T​T​T

PIP1;2 ​G​C​T​C​G​T​G​A​C​T​C​T​C​A​T​G​T​T​C​C ​A​G​C​G​T​T​G​T​C​C​T​
T​G​T​T​G​A​A​G​A​T​G

PIP2;1 ​A​A​G​C​T​G​T​T​T​C​C​G​G​A​G​A​A​G​G​G ​C​A​G​C​T​C​C​T​C​C​G​
G​A​T​C​A​A​A​C​A

PIP2;2–3 ​G​A​C​G​T​T​C​G​G​C​T​T​G​T​T​C​T​T​G​G ​C​C​A​A​C​T​C​C​A​C​A​
A​A​T​C​G​C​A​C​C

PIP2;7 ​T​G​G​A​T​T​C​G​C​T​G​T​G​T​T​C​A​T​G​G ​A​C​A​G​C​A​G​C​A​C​
C​A​A​A​G​C​T​T​C​T

TIP2;1 ​A​T​G​C​G​G​C​T​C​T​T​G​A​T​A​C​C​T​C​G ​A​A​A​A​G​T​G​A​C​G​
G​C​T​G​G​G​T​T​C​A

18-S-RNA 
*

​C​C​T​G​C​G​G​C​T​T​A​A​T​T​T​G​A​C​T​C ​A​G​A​C​A​A​A​T​C​G​
C​T​C​C​A​C​C​A​A​C

*(Muries et al. 2011). Shikimate kinase (Shik); citrate sintase (CitrS); 
Phe-Tyr ammonia lyase (PT-AL)
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Gene expression modification in response to CPE 
treatment

In order to further investigate the molecular mechanisms 
of the effect of CPE on broccoli plants, the expression of 
certain genes involved in the transport of potassium, water 
and GSLs, in the synthesis of phenolic compounds and 
transcription factors related to the synthesis of GSLs was 
measured both control and CPE-treated plants (Fig. 5). In 
the aerial part different changes were found, the expression 
of two transcription factors, one involved in the synthesis 
of aliphatic GSLs (MYB28) and the other in the synthesis 
of indole GSLs (MYB34), both of which appear up-regu-
lated in the treated plants. In addition, two genes are down-
regulated, a transcription factor (MYB122) involved in the 
synthesis of indole GSLs and BCAT3, a gene involved in 
side-chain elongation of aliphatic GSLs (Fig.  5A). The 
expression of different aquaporins was analysed, finding 
that PIP2;1 and PIP2;2–3 are up-regulated, while TIP2;1 
has a lower expression in treated plants compared to con-
trol plants (Fig.  5B). Furthermore, the Phe-Tyr ammonia 
lyase (PT-AL) gene, involved in the shikimate pathway, 

Global metabolism response

In order to obtain a comprehensive overview of the plant’s 
response to CPE treatment, two correlation matrices have 
been made for all the metabolites analysed (Fig. 4). Con-
sequently, a modification in the metabolomic profile of 
organic acids, amino acids, sugars, and secondary metabo-
lites in the plants treated with CPE was observed. Figure 4 
displays that in the control plants, there are negative cor-
relations between amino acids and phenolic compounds, 
as well as GSLs, whereas in the treated plants, there are 
positive correlations. Furthermore, if we examine inverse 
correlations between control and treated plants, we find 
one between chlorogenate and glucose, which is positive in 
control plants and negative in treated plants. Overall, it is 
evident that the two correlation matrices exhibit differences 
between the control plants and those treated with CPE.

Fig. 1  - Physiological parameters determined in broccoli plants treated 
with citric phenolic extract (CPE) and control: (A) Fresh weight (FW) 
(aerial part and root), (B) Dry weight (DW) (aerial part and root). Pho-
tosynthetic parameters: (C) Evaporation, (D) Stomatal conductance 

(Gs), (E) Net photosynthetic rate (An), and (F) Calculated sub stoma-
tal CO2 concentration (Ci). Each bar represents mean ± SE (n = 8). Sig-
nificant differences between plants treated with CPE and the control 
were measured according to T-Test (* means p < 0.05)
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Fig. 2  - Analysis of mineral nutrients in the aerial part and root of 
broccoli plants treated with citric phenolic extract (CPE) and control. 
Principal component analysis (PCA) of (A) macronutrients and (B) 
micronutrients with arrows indicating loadings of each nutrient; 95% 
confidence ellipses were plotted for each treatment, each small circle 
represents the data from an individual sample, while the large circle 

represents the centroid of mean values. (C) Concentration of nitrogen, 
N (g/100 g), (D) carbon, C (g/100 g), (E) calcium, Ca (g/100 g), (F) 
potassium, K (g/100 g), (G) phosphorous, P (g/100 g), (H) zinc, Zn 
(mg/Kg). In bar plots each value represents mean ± SE (n = 4). Signifi-
cant differences between plants treated with CPE and the control were 
measured according to T-Test (* means p < 0.05, ** means p < 0.01)
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Discussion

An essential driving force behind research in the field of 
external plant polyphenolic compounds applications is 
their ubiquitous presence and distinctive properties, which 
connect them to one of the primary classes of secondary 
metabolites found in plants. Polyphenols has been reported 
to play a crucial role in ensuring plant growth, development, 
and reproduction, acting as signalling molecules involved 
in the phytohormones synthesis pathway (Cheynier et al. 
2013). Recent studies have explored the impact of pheno-
lic compounds on stimulating seed germination, promoting 
plant growth and biomass production by enhancing plant 
metabolism (Tanase et al. 2019). Understanding the influ-
ence of these compounds on plant development is crucial 
for assessing their effect in agriculture as natural extracted 
growth regulators. Therefore, interactions between exter-
nally applied natural compounds and the metabolism of 
plants need to be studied extensively, as they can lead to 
direct or indirect stimulatory or inhibitory effects mediated 
by various chemical compounds produced by the host plant. 
In our experiments, the drastic reduction in growth indi-
cated that the secondary metabolism of the broccoli plant 
may have been significantly altered. Although not widely 
documented, the negative effect of plant extract on growth 
has been reported. For instance, extracts obtained from vari-
ous parts of black mustard exhibited reductions of oat plant 
germination and growth (Turk and Tawaha 2003). However, 
although the specific effects varied depending on the type 
of solvent used, aqueous and methanolic extracts of lettuce 
leaves, as well as fractions isolated from these extracts, 
demonstrated negative impacts on the germination of vari-
ous seed types (Chon et al. 2005). Similarly, studies with 
fractions derived from onion bulbs and leaves, containing 
phenolic compounds such as ferulic, p-coumaric, vanillic, 
and syringic acids, resulted in reduced seed germination 
and plant development in lettuce and wheat plants (Djurd-
jevic et al. 2004). Additionally, the overall aqueous extracts 
of wheat exhibited inhibitory effects on wheat and barley 
seed germination, the extent of which depended on the plant 
material (roots or leaves) used for the extractions. There-
fore, further investigation should be conducted to elucidate 
the mechanisms underlying these alterations.

Previous studies have reported that citrus phenolic com-
pounds stimulated plant growth by enhancing gas exchange 
in tomato plants, including photosynthesis and stomatal 
conductance, while also increasing stomatal density (Mar-
tinez-Alonso et al. 2022). This outcome correlated with 
the expression of aquaporins. However, the fact that gas 
exchange was not altered in our broccoli plants indicates 
that these parameters were not involved in the inhibitory 
effect observed in CPE treated plants.

which leads to the synthesis of most phenolic compounds, 
was found to be down-regulated in the aerial part of treated 
plants (Fig. 5C). Regarding root part several changes were 
found in the expression of analysed genes. Gene expression 
of HAK5 and AKT1, two genes related to K transport, was 
significantly increased in the root of the plants in response 
to foliar treatment with CPE (Fig. 5D). As for the aquapo-
rins, PIP1;2, PIP2;2–3 and TIP2;1 increased their expres-
sion in treated plants compared to control plants (Fig. 5E).

Table 2  Metabolite content (mM) in the aerial part of broccoli plants 
treated with citric phenolic extract (CPE) and control. Each value 
represents mean ± SE (n = 3). Significant differences between plants 
treated with CPE and the control were measured according to T-Test (* 
means p < 0.05, ** means p < 0.01, *** means p < 0.001)

Control Citric phenolic extract (CPE)
Organic acids (mM)
Acetate 0.06 ± 0.00 * 0.04 ± 0.00
Citrate 4.18 ± 0.01 7.39 ± 0.68 *
Formate 0.07 ± 0.02 0.06 ± 0.00
Fumarate 0.04 ± 0.01 * ND
Malate 8.23 ± 0.98 18.59 ± 1.92 *
Pyruvate ND ND
Quinate 1.3 ± 0.16 1.23 ± 0.08
Succinate ND 0.19 ± 0.01 *
Amino acids (mM)
GABA 0.95 ± 0.16 * 0.33 ± 0.07
Alanine 0.58 ± 0.09 0.48 ± 0.03
Arginine 1.25 ± 0.17 *** 0.34 ± 0.02
Asparagine 0.28 ± 0.08 0.22 ± 0.03
Aspartate 1.45 ± 0.27 1.87 ± 0.31
Glutamate 1.29 ± 0.19 2.05 ± 0.08 *
Glutamine 2.28 ± 0.54 1.95 ± 0.02
Glycine ND ND
Iso-leucine 0.08 ± 0.01 0.04 ± 0.01
Leucine 0.09 ± 0.02 * 0.03 ± 0.00
Lysine ND ND
Phenylalanine 0.05 ± 0.01 0.03 ± 0.00
Proline 6.79 ± 0.51 7.85 ± 0.53
Pyroglutamate ND ND
Threonine 0.24 ± 0.04 0.25 ± 0.04
Tryptophan ND ND
Tyrosine 0.03 ± 0.02 0.04 ± 0.01
Valine 0.21 ± 0.01 *** 0.12 ± 0.00
Glucids (mM)
Fructose 12.57 ± 1.09 11.18 ± 1.57
Glucose 7.43 ± 1.06 7.27 ± 1.41
Maltose 1.02 ± 0.17 * 0.52 ± 0.07
myo-Inositol 1.47 ± 0.15 1.38 ± 0.13
Sucrose 3.67 ± 0.73 4.38 ± 0.87
Others (mM)
Choline 0.95 ± 0.06 0.87 ± 0.04
Glucosinolates 0.70 ± 0.07 * 0.34 ± 0.08
Trigonelline 0.03 ± 0.00 0.03 ± 0.00
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(Liu et al. 2010). Although K, P, and Zn have been linked 
to phenolics and GSLs in broccoli, the observed increase in 
K, P, and Zn in CPE-treated plants suggests a possible asso-
ciation between lower growth and higher nutrient concen-
trations. This negative correlation is commonly observed 
under salinity conditions (Pascale et al. 2005). Also, the 
PCA analysis of the mineral nutrients revealed that, unlike 
the gas exchange parameters, there are indeed differences in 
the nutritional profile between the treated and control plants, 

According to the mineral nutrient analysis, a decrease in 
Ca was observed in CPE treated plants. Calcium plays an 
important role in regulation plant growth and signal trans-
duction as well as the accumulation of secondary metabo-
lites in plants (Kudla et al. 2010). Although the effect of 
external phenolic application on Ca has not been exten-
sively studied, the effect of Ca treatment has been reported 
to increase the total phenolic acids and anthocyanins in 
carrot (Singh et al. 2012), and glucosinolate biosynthesis 
in broccoli by upregulating the expression of related genes 

Fig. 4  - Pearson’s correlation matrix between metabolites (A) in the control and (B) in the plants treated with citric phenolic extract (CPE). * mean 
that correlation was significant by the t test (p > 0.05)

 

Fig. 3  - Secondary metabolite in the aerial part of broccoli plants 
treated with citric flavonoid extract (CPE) and control. Concentration 
(mM) of (A) caffeic, sinapic, and chlorogenic acid; (B) glucoraphanin 
(GRA) and glucobrassicin(GBA). Each bar represents mean ± SE 

(n = 6).Significant differences between plants treated with CPE and 
the control were measured according to T-Test (* means p < 0.05, ** 
means p < 0.01, *** means p < 0.001)
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Gamma-aminobutyric acid (GABA) is a non-protein 
amino acid that have a role as signalling molecule in plants 
(Roberts 2007), acting in several physiological and molec-
ular responses as mediation of plant growth and develop-
ment that usually related mineral nutrients (Daş et al. 2016). 
The cytosolic enzyme glutamate decarboxylase (GAD; EC 
4.1.l.15), catalyses the synthesis of GABA via glutamate. 
Therefore, in our results, in plants treated with CPE, the 
decrease of GABA was related to the decrease of growth, 
but also, it is in accordance with the increase of glutamate.

The decreases of arginine, leucine and valine could be 
related to alterations in metabolism related to growth and 
development (Sohail et al. 2021b). The impact of five amino 
acids -valine, glycine, cysteine, methionine, and phenylala-
nine- on the prevention of oxidation in potatoes revealed 
that valine showed greater inhibition (Ali et al. 2016). On 
the other hand, the effects of arginine, cysteine, and methio-
nine on the delay of senescence in broccoli were studied 
(Sohail et al. 2021a). Senescence, characterized by the loss 
of green colour, ethylene production, and respiration rate, 
was found to be equally inhibited by the three amino acids 
as assessed. Also, reductions in the level of free amino 

which allows us to relate the decrease in plant size to a nutri-
tional imbalance triggered by the CPE treatment.

The metabolomics analysis revealed an increase of sev-
eral primary and secondary metabolites (Fig.  6). Further-
more, in the correlation plot we observe a marked shift in 
the overall metabolic profile of the treated plants, whose 
alterations, when specifically analysed, may lead to eluci-
date the cause of the reduced growth and development of 
the CPE-treated plants. According to the organic acids, an 
increase of malate and citrate was observed in plants treated 
with CPE. Malate is a crucial metabolite with specific role 
in redox exchange between cell organelles (Selinski and 
Scheibe 2019), and citrate is produced mainly in leaf mito-
chondria when the TCA cycle operates at night to obtain 
energy. In this way, it has been reported that DICARBOX-
YLATE CARRIER 2 (DIC2) enable mitochondrial malate-
citrate exchange in Arabidopsis plants and depletion of this 
transporter reduced the growth of vegetative tissues (Lee et 
al. 2021). Therefore, the reduced interchange of malate and 
citrate between the mitochondrial and the other organelles 
or cellular compartments could be the responsible for the 
malate and citrate accumulation in our plants.

Fig. 5  - Gene expression analysis of different genes expressed as fold 
change, with respect to the control measured in both control and citric 
phenolic extract (CPE)-treated plants. A) transcription factors related 
to the synthesis of GSLs (MYB28, MYB29, MYB34, MYB122, 
BCAT3 in aerial part, B) aquaporins (PIP1;1, PIP1;2, PIP2;1, PIP2;2–
3, and TIP2;1) in aerial part, C) genes involved in in the synthesis of 
phenolic compounds (shikimate kinase - Shik, citrate sintase – CitrS, 

and Phe-Tyr ammonia lyase - PT-AL) in aerial part, D) aquaporins 
(PIP1;1, PIP1;2, PIP2;1, PIP2;2–3, and TIP2;1) in roots, and E) genes 
involved in the transport of potassium (HAK5 and AKT1) in roots. 
Each bar represents mean ± SE (n = 3). Significant differences between 
plants treated with CPE and the control were measured according to 
T-Test (* means p < 0.05, ** means p < 0.01, *** means p < 0.001)
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The results were explained by the putative stimulation of 
the salicylic acid synthetic pathway inside the plant. It 
is well known that salicylic acid plays a key role in the 
regulation of plant growth and development (Sharma et 
al. 2023). But in broccoli plants, the fact that expression 
of phenylalanine ammonia lyase (PT-AL) was reduced 
could be the important differential key factor. Since, it 
is the first enzyme of the phenylpropanoid pathway that 
catalyses the biotransformation of L-phenylalanine into 
different phenolic compounds (Reyes Jara et al. 2022). 
Downstream, the enzyme chalcone isomerase catalyses 
the reaction that turns naringenin chalcone into narin-
genin has been reported in Brassica oleracea (Zhang et 
al. 2015). As naringenin was supplied in our experiments, 
the results indicate the importance of understanding the 
biochemical and molecular regulation pathway of the 
phenolic synthesis.

The fact that precursors of aliphatic (methionine) or 
indolic GSLs (tryptophan) did not change revealed that the 
connection should be in the intermediate synthesis pathway 
or in the degradation. Also, MYB122 transcription factors 

acids were reported to be related to the decreased response 
to stress conditions in broccoli, being cultivar dependent 
(Gomes and Rosa 2000). In our experiments we were able 
to give the main role to arginine, leucine, and valine that, 
connected with the increases of citrate and malate, provide 
the indications that their synthesis was reduced through the 
enzymes pathway. Although the central role of this amino 
acid in broccoli development along with the connections to 
key metabolic pathways, need to be studied in depth, since 
the connection to secondary metabolism is clear in our 
results and in previous report (Trovato et al. 2021).

A decrease of phenolic compounds and GSLs has been 
observed in our broccoli plants. The fact that all the phe-
nolic compounds such as caffeic, sinapic and chlorogenic 
acid were significantly decreased in these plants could 
bring the idea that the synthesis pathway was directly 
inhibited by the externally added phenolics as narin-
genin, neohesperidin and rutin. However, previous inves-
tigation with tomato plants after addition of the same 
formulation of phenolics reported an increase in the total 
phenolic content by 46% (Martinez-Alonso et al. 2022). 

Fig. 6  - Schematic pathways of the main metabolic affected after citrus phenolic extract (CPE) foliar application in broccoli plants compared to 
controls
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and vegetables as sources of this bioactive compounds. 
However, the complexity of the secondary metabolism 
of plants needs to be considered. Therefore, our research 
revealed that flavonoids, mainly naringenin, could be 
mainly responsible for growth reduction by altering min-
eral nutrients (K, P and Zn levels) and metabolomic com-
position, specifically the synthesis of citrate, malate and 
GABA together with the synthesis of some amino acids 
such as arginine, glutamate, leucine and valine which 
are the precursors of phenolic compounds and GSLs. 
In addition, the regulation of genes responsible for the 
synthesis of GSLs (MYB122 and BCAT3), phenolics (PT-
AL) and tonoplast aquaporins could reveal that feedback 
regulation could be taking place. Therefore, Brassicaceae 
family has a secondary metabolism that underscores the 
importance of interdisciplinary research involving genet-
ics, biochemistry, physiology, and agronomy to deter-
mine the underlying mechanisms that will be altered 
when certain compounds are applied.
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that are known to regulate indolic glucosinolate biosyn-
thesis in Arabidopsis thaliana and gene BCAT3, involved 
in the biosynthesis of glucoraphanin (Tian et al. 2021). As 
both were found to be repressed could be consistent with the 
results obtained with glucosinolate analysis.

In other side, the increase in the expression of K trans-
porter and channel in the root part was supported by the 
increase in potassium in both the aerial and root parts. CPE 
treatment may have resulted in increased gene expression of 
AKT1 and HAK5 genes probably due to altered secondary 
metabolism which could leaded to nutritional impairment.

Plant aquaporins (membrane channels that allow water 
transport across cell membranes) are crucial for regulat-
ing water to maintain the water balance, which is essen-
tial for growth, development, and adaptation to changing 
environmental conditions (Li et al. 2014; Afzal et al. 
2016). They have an essential role in hydraulic regula-
tion and nutrient transport, in both roots and leaves (Li 
et al. 2014). In addition, they have been reported to be 
involved in the long-distance GSLs and phenolic com-
pounds transport (Nicolas-Espinosa et al. 2023). How-
ever, there are no reports relating all those transporters in 
cells. In our experiments, the plasma membrane aquapo-
rins both PIP and TIP changed their expression. In aerial 
part, PIP1 (PIP1;1 and PIP1;2) did not changed with the 
CPE treatments and both PIP2 (PIP2;1 and PIP2;2–3) 
showed an increase probably as an attempt to compensate 
the decreased metabolic results. However, a reduction 
of the expression of TIP2;1 was observed. As vacuole 
serves for storing nutrients as GSLs and phenolics, prob-
ably the lower facilitation of movement of water into 
and out of the vacuole, could be a response to lower con-
centrations found in CPE plants. As for the expression 
of aquaporins in the roots, it was observed that plants 
treated with the extract increased their expression, which 
could be a response of the plant to maintain water homeo-
stasis due to the metabolic imbalance caused in the aerial 
part by the foliar treatment with flavonoids. In fact, sto-
matal conductance and transpiration did not change in the 
treated plants despite the drastic reduction in growth.

Conclusions

The large abundance of polyphenolic compounds in all 
organs of plants and the availability of numerous raw 
materials produced in agriculture, confer advantages in 
testing and assessing the novel bioactive effect of these 
compounds on plant physiology. The benefits of poly-
phenols and the aspiration to substitute synthetic anti-
oxidants with natural alternatives have led investigations 
to intensify their efforts to uncover and utilise fruits 
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