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Abstract

Background: Recently, a novel concept ‘bio-effectors’ rose on to describe a group of products that are able to improve
plant performance rather than fertilizers. Agro-food processing residues and by-products potentially represent important
sources of bio-effectors but they are currently not properly taken in consideration. To fulfill this gap, in these study, three
food processing by-products: (i) brewers' spent grain, (ii) fennel processing residues, and (iii) lemon processing residues
were chosen as bio-effector candidates. Raw materials were chemically characterized, and green extraction methodology
was optimized by using water, ethanol, and their mixture based on the extraction yields. Aqueous extracts were used for
seed germination bioassays on Lepidium sativum seeds to evaluate their potential bioactivities. Thereafter, the extracts
were chemically characterized and metabolites were detected by 1D and 2D NMR spectroscopy.

Results: Results are summarized as follows: (i) raw materials showed an interesting nutritional content; (ii) aqueous
extraction resulted higher yield more than other used solvent; (iii) at high solvent extraction ratio, aqueous extracts
were not phytotoxic but enhanced seed germination and root elongation; (iv) all aqueous extracts are differently rich
in nutrients, amino-acids, sugars, and other low molecular weight molecule compounds.

Conclusions: This study confirmed that efficient and simple recovery of bioactive compounds other than nutrients
from agro-food processing by-products appear to be the new frontier in their valorization.
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Background
Soil fertility is considered, after water, the second most limit-
ing factor for agricultural production. The management of
soil fertility is facing problems due to the limited availability of
organic fertilizer from sustainable sources, together with high
prices of the available one, particularly in organic and inte-
grated agriculture. Farmer dependence and reliance on nonre-
newable resource, such as phosphorus, which will be depleted
within next 50 to 100 years [1], make alternative plant nutri-
tion strategies more urgent. Numerous researcher studies
were focused to find environmental-friendly and sustainable
sources of nutrients, and different plant growth promoters
either synthesized or naturally-derived were tested. Recently,
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a novel concept of ‘bio-effectors’ which describes products
that are able to improve plant performances other than fertil-
izers rose on. Bio-effectors promote plant growth through en-
hancing or altering biological activity in the soil/plant system
[2].
The most common bio-effector present in the market

with a considerable amount produced annually (15 million
metric tons) is seaweeds extract, although its collection
and handling is difficult [3]. Another one is humic sub-
stances that are also produced intensively from lignite coal
which is a nonrenewable source [4]. This indicates the im-
portance of searching and studying new bio-effectors ex-
tracted from sustainable sources. New candidates could be
agro-food residues and by-products because they may
contain bioactive compounds like proteins, sugars and
lipids, and specific aromatic and aliphatic compounds. In
addition, they are low-cost and abundant materials.
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Therefore, valorization of agro-food processing residues is
receiving increased attention and interest [5]. New green
extraction technologies like green extraction by using
nonhazardous solvents aside from minimizing energy con-
sumption are one of the main purposes that attract atten-
tion today [6]. The design of green and nonconventional
extraction methods is currently a hot research topic in the
multidisciplinary area of applied chemistry, biology, and
technology.
Technology platform of the European Union (EU) en-

terprise provided a 2025 vision of strategic research pri-
orities for organic researches. Bio-effectors cover the
eco-functional intensification principles of increasing
agricultural productivity by improving existing natural
processes [7]. EU regulation No. 834 authorized the use
of plant derived materials, products, and by-products of
plant origin (such as oilseed cake meal, cocoa husks, and
malt culms) for fertilizers in organic agriculture [8].
Moreover, lack of wide-range fertilizer options and au-
thorized compounds like biopesticides in organic agri-
culture are the main driving force of this research. In
fact, the available commercial fertilizers in organic farm-
ing are not comparable for their efficiency, solubility,
and prices with those in conventional farming.
Therefore, authorized efficient products, economically

available for the farmer, able to enhance plant growth
and soil nutrients availability are needed. Such products
are necessary where chemicals are prohibited and when
crop nutrient demand is high. In this context, to detect
new sources of bio-effectors, three common agro-food
waste, such as brewers spent grain (BSG), fennel pro-
cessing residues (FPRs), and lemon processing residues
(LPRs), were investigated. They were chosen due to their
high availability in the south of Italy. Total amount of
lemon produced in Italy is around 570,000 tons year−1

mainly used for juice and liquor productions. Lemon
production is concentrated in the south of Italy, espe-
cially in Campania, Basilicata, and Sicily regions. Lemon
harvest starts from February till the end of October ac-
cording to the varieties. Fennel production is also con-
centrated in the south of Italy, and FPRs are available in
large quantities from October till March. The amount of
fennel produced in Italy is around 600,000 tons year−1

(data from the National Institute of Statistics (ISTAT)
www.istat.it). Beer production in Italy reached 13 million
hl year−1 recently. More than 150,000 tons of malt and
50,000 tons of other cereals are consumed for beer pro-
duction (ASSOBIRRA, industrial association for beer
and malt production, www.assobirra.it). BSG is therefore
available all the year in large quantities; breweries are
also distributed all over Italy. Many international brew-
eries are located in Apulia region ad es. Birra Peroni is
located in Bari. Accordingly, the main objectives of this
work are: (i) to explore some promising bio-effector
candidates which can be used in agriculture (namely for
organic farming), (ii) to develop more environment-
friendly alternatives for plant nutrition strategies such as
green extraction technology applied to agro-food process-
ing residues and by-products, and (iii) to chemically
characterize the metabolic profile of the extracts for the
chosen materials by using high-resolution nuclear mag-
netic resonance (NMR) spectroscopy.

Experimental
Chemicals
Deionized water (Elix, Millipore Corporation, Bedford,
MA, USA) and ethanol (Puriss p.a., ACS Reagent, St.
Louis, MO, USA, absolute alcohol, without additive, ≥
99.8%), HNO3, and H2O2 TraceSelect were purchased from
Sigma Aldrich, (TraceSelect, Sigma-Aldrich, Steinheim,
Germany). Ultrapure water (18.2 MΩ cm−1) was obtained
with a Milli-Q purification system from Millipore (Milli-Q,
Millipore Corporation, Bedford, MA, USA).

Raw material preparations
FPRs were brought from JONICA BIO packaging house
(Montescaglioso, MT, Italy). FPRs were composed of un-
marketable bulbs, green leaves, and external leaves of
bulbs of fennel. LPRs were brought from Solagri® (Solagri®,
Sant'Agnello di Sorrento, NA, Italy). They consist of juic-
ing pulp pomace, white albedo layer and full lemon fruits
which cannot be peeled mechanically. The BSGs of barley
were brought from Birra Peroni company (Birra Peroni,
Bari, Italy).
Raw materials were chopped manually and air dried in a

greenhouse. Materials were turned and mixed for daily aer-
ation to prevent fermentation. Greenhouse temperature
did not exceed 35°C during the drying period. Then, air-
dried materials were grinded with a mixer mill and passed
through a 1-mm sieve to obtain homogeneous particle
sizes. All chemical analysis and extraction were done on
the grinded and sieved air-dried materials.

Methods
Solvent choice and extraction yield determination
Three solvents (deionized water, ethanol, and a mixture
of ethanol: water 1:1; v/v), and three ratios (1:10; 1:25;
and 1:50: w/v) with three replications were used for the
extraction from BSG, FPR, and LPR, respectively. The
substrate/solvent ratios were selected on the basis of
the experimental conditions required for a nearly quanti-
tative extraction (higher solvent extraction ratio) and the
expected high phytotoxicity at lower solvent extraction
ratio. The latter was also confirmed by phytotoxicity
tests (see below in the text).
Materials were shacked with solvent for 30 min in

250 mL polyethylene bottles. Then centrifugation took
place at 6,000 rpm for 10 min followed by filtration with
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Whatman No. 1 filter paper. An aliquot of the filtered
extract was dried at 105°C for yield determination ac-
cording to the following equation [9]:

Y ¼ D
V

� 1
R

C � 1000

where Y is the yield (g dry matter in extract / kg air-
dried raw material), D is the dry matter weight (g) of the
extract dried at 105°C, R is the extraction ratio, V is the
volume of the extract used for drying at 105°C (mL), and
C is the correction factor calculated by dividing the
weight of air-dried raw material on the weight of 105°C
dried raw material.
The extracts with the highest yield were selected for

further tests and analyses.

Seed germination bioassays
Seed germination bioassays were conducted on Lepi-
dium sativum seeds using aqueous extracts according to
the EPA protocol [10] and to the IRSA methods for
phytotoxicity bioassays of organic substances [11]. Five
different extraction ratios (1:10; 1:25; 1:50; 1:100; and
1:200) for BSG and FPR aqueous extracts, whereas six
ratios (1:10; 1:25; 1:50; 1:100, 1:200 and 1:400 w/v) for
LPR bioassays were used. The ratio 1:400 was conducted
only for LPR aqueous extract because of its high toxicity.
Bioassays were performed in plastic petri dishes with
four replicates. Each plastic petri dish contained ten
seeds distributed on filter paper moistened with 2 mL of
tested extract. Control was moistened with 2 mL of de-
ionized water.
Petri dishes were incubated in a growth chamber for

48 h at temperature 25 ± 5°C. The experiment was re-
peated for FPR and LPR extracts as explained previously
but for 144 hours. Germination index was calculated
using the following equation:

GI %ð Þ ¼ RLTreatment � GSTreatment

RLControl � GSControl

Where GI is the germination index, RL is the root length,
and GS is the number of germinated seed. When the ger-
mination index exceeded 60%, the extract is considered not
phytotoxic [11] and was selected for the further analyses.

Chemical analysis
Standard methods have been used for the chemical ana-
lyses [12]. In brief, the raw materials, residual humidity,
and ash were determined successively in oven at 105°C
and 550°C. On the raw materials and on the extracts,
total N was determined by the Kjeldahl method [13].
Total macro- and micronutrient concentrations were de-
termined by wet digestion (1 mL H2O2 and 5 mL HNO3)
using a microwave digestion system (CEM model, MARS
Xpress); the samples were then cooled, diluted with ultra-
pure water in a 50-mL volumetric flask, filtered through
Whatman No. 42 filter papers, and finally measured for
their cation content by means of an inductively coupled
plasma optical emission spectrometer (ICP-OES; Thermo
Electron ICAP 6300 Series). Total P was measured colori-
metrically on the mineralized samples by a spectropho-
tometer (Heλios α UV-vis, UNICAM, Thermo Electron
Corporation) at 650 nm using modified ascorbic acid
method [14].
On the extracts, pH was measured using a pH

meter (Basic 20) with a standard glass electrode (Crison
5050, Barcelona, Spain). Electrical conductivity was de-
termined by a conductometer (XS cond 510). Ash was
determined on the extract after drying in the oven at
105°C, and then samples were transferred in the muffle
at 550°C. Total nitrogen was determined by the Kjeldahl
method.
Total phenolic contents of the extracts were assayed

according to Folin-Ciocalteu method. An aliquote of
100 μl of extracts, calibration solutions, and blank were
pipetted into separate test tubes, and 900 μL of distilled
water was added. After, 200 μL of Folin-Ciocalteu re-
agent were added to each test tube. The mixture was
mixed well and allowed to equilibrate. After 5 min, 1 mL
of a 10% (w/v) sodium carbonate solution was added.
The mixture was swirled and put in a temperature bath
at 40°C for 20 min. Then, the tubes were rapidly cooled
and the maximum adsorption was measured at 740 nm
using a spectrophotometer (Heλios α UV-vis, UNICAM,
Thermo Electron Corporation). Data were expressed as
gallic acid equivalent (GAE) using gallic acid calibration
curve. Spectrophotometric analysis that used 2,2-diphenyl-1-
picrylhydrazyl (DPPH) was performed to determine the anti-
oxidant activities. This assay is based on the ability of the
antioxidant to scavenge the radical cation DPPH. Data
were expressed as Trolox equivalent antioxidant capacity
(TEAC) using Trolox calibration curve. The in vitro anti-
oxidant activities of extracts were performed in the follow-
ing way: 10 μL of extracts were added to 3 mL of 0.04 mM
DPPH ethyl acetate solution and mixed with glass baquet.
The samples were kept in the dark for 60 min at room
temperature, and then decrease in absorbance at 517 nm
was measured using the spectrophotometer (Heλios α UV-
vis, UNICAM, Thermo Electron Corporation). Calibration
curve in the range of 0.2/0.4/0.6/1.0/2.0/4.0/6.0 mmol L−1

were prepared for Trolox.

NMR profiling of BSG, FPR, and LPR extracts
An amount of 0.321 g of FPR, 0.270 g of BSG, and
0.141 g of LPR dried extracts were dissolved in 1 mL of
1.2 mM TSP in D2O solution, placed in a 5 mm NMR
tube, and analyzed by multinuclear (1H and 13C), multi-
dimensional NMR spectroscopy.
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All measurements were performed on a Bruker Avance
III NMR spectrometer (Bruker, Karlsruhe, Germany) op-
erating at 400.13 MHz for 1H observation, equipped
with a z-axis gradient coil and automatic tuning-
matching (ATM).
For each sample, a one-dimensional NOESY experi-

ment (referred to as 1D-NOESY), including a solvent
signal saturation during relaxation and mixing time and
a spoil gradient, was acquired using 256 free induction
decays (FIDs), 64 K data points, a spectral width of
12.019 Hz, an acquisition time of 3.42 s, a relaxation
delay of 4 s, and a mixing time of 10 ms.
2D 1H J-resolved spectra with pre-saturation during

relaxation delay were recorded with a spectral width of
4795.396 Hz on F2 and 60.020 Hz on F1, 4 K data
points, 16 FIDs for 128 experiments, and 12 s repetition
delay.

1H COSY spectra with pre-saturation during relaxation
delay were acquired with 4 K data points, a spectral
width of 4795.396 Hz, 32 FIDs for 256 experiments, 2 s
repetition delay, and 16 dummy scans.

1H-13C HSQC and 1H-13C HMBC NMR spectra were
acquired with 4 K data points, a spectral width of
4795.396 Hz on 1H and 25156.211 Hz on 13C, 16 FIDs
for 256 experiments, 2 s repetition delay, 16 dummy
scans.
The acquisition and processing of spectra were per-

formed using the software TopSpin 2.1 (Bruker Biospin).
The FIDs were multiplied by an exponential weighting
function corresponding to a line broadening of 0.3 Hz
before Fourier transformation, phasing, and base line
correction. All spectra were referenced to the TSP signal
(δ = 0.00 ppm), used as internal reference.
The metabolites were assigned on the basis of 2D

NMR spectra analysis (2D 1H J-res, 1H COSY, 1H–13C
HSQC, and HMBC) and comparison with published
data [15,16].

Statistical analysis
Analysis of variance (ANOVA) was carried out, and separ-
ation of means was performed using LSD test at P = 0.05
significance level. LSD test were computed using SAS
software version 9 (SAS Institute, Cary, NC). Correlation
matrix at P = 0.05 significance level was performed using
XLSTAT 7.5.2 (Addinsoft, Paris, France).

Results and discussion
Raw material characterization
Ash content, total nitrogen, macro-nutrients, micronu-
trient, and total Cd and Pb contents of the raw materials
(BSG, FPR, and LPR) are shown in Table 1. Ash content
in FPR and LPR were almost five times higher than that
in BSG. The ash content observed in BSG was approxi-
mately half of what Mussatto and Roberto [17] reported.
This result could be due to the variation in raw material
in terms of cultivated plant varieties and/or processing
procedures (e.g., brewing procedures).
Total N in the raw materials ranged from 14.5 to

47.9 g kg−1 while total P ranged from 1.95 to 4.80 g kg−1.
In addition to the highest nitrogen content, BSG resulted
to be the second higher source of phosphorus. BSG raw
material is also rich in total Cu, total Fe, and total Zn.
Results of the chemical characterization of BSG was con-
sistent with Khidzir et al. [18] for Mg but differed for Ca
and P. The obtained content of N and K is similar to the
values previously reported by Gupta et al. [19]. High nitro-
gen content in the BSG raw material is related to the rich-
ness in protein as reported by Kotlar et al. [20].
The highest concentrations of Ca and K were found in

LPR and FPR raw materials. FPR raw material and FPR
extract were rich in K as previously reported by Bianco
et al. [21]. FPR content in macro- and micronutrients
was similar to the findings of Muckensturm et al. [22].
FPR raw material was rich in total P, Na, Mn, and Ni
contents. Relative high Na content of FPR was estimated
to be 10 times higher than LPR and 100 times higher
than BSG. Fe was found to be the most abundant micro-
element in all materials with content ranged from 114 to
169 mg kg−1.
LPR was the lowest source of almost all analyzed nu-

trients except for Ca. Low nutrient content in LPR was
also previously reported by Su and Horvat [23] and con-
firmed by USDA National Nutrient Database for Stand-
ard Reference [24].
Total Cd and Pb contents resulted below the limita-

tion of hazardous substances required by the European
regulations (EU ‘eco-label’; Commission Decision 2006/
799/EC) [25] for soil improvers.

Solvent choice and extraction yield determination
Figure 1 shows the extraction yields for BSG, FPR, and
LPR at 1:10, 1:25, and 1:50 solvent extraction ratios.
Aqueous extracts gave the highest yields for FPR and
LPR, while no significant differences were observed
among different solvents for BSG. Generally, EtOH ex-
tract gave the lowest yield in comparison to the aqueous
and EtOH-H2O mixture extract. However, yield obtained
by EtOH-H2O mixture was significantly lower than the
yield obtained by water for both FPR and LPR. In gen-
eral, and independently the solvent used, when the solv-
ent extraction ratio increased, the extraction yield did
not increase significantly. Our results showed that when
the content of ethanol in the solvent increases, the total
extraction yield decreases for FPR and LPR while no dif-
ferences in yield was found in BSG. This may be due to
the higher polarity of water in comparison to ethanol
[26] and to the higher polar metabolites content in FPR
and LPR. In our study, aqueous extraction resulted in



Table 1 Ash content, total macro-and micronutrients, Cd, and Pb contents in raw materials (BSG, FPR, and LPR)

Raw materials Ash Total
N

Total
P

Total
Ca

Total
K

Total
Mg

Total
Na

Total
Cu

Total
Fe

Total
Mn

Total
Ni

Total
Zn

Total
Cd

Total
Pb

% g kg−1 g kg−1 g kg−1 g kg−1 g kg−1 g kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1

BSG 4.10 ± 0.1 47.9 ± 0.7 4.79 ± 0.4 4.41 ± 0.5 0.51 ± 0.0 1.63 ± 0.1 0.07 ± 0.0 14.3 ± 1.4 169 ± 13 37.3 ± 2.1 2.5 ± 0.3 97.5 ± 7.9 < 0.01 0.28 ± 0.06

FPR 20.4 ± 0.8 30.9 ± 1.0 4.80 ± 0.8 6.67 ± 0.7 33.4 ± 1.1 1.58 ± 0.1 7.00 ± 0.2 8.94 ± 1.5 137 ± 21 75.5 ± 6.7 5.1 ± 0.8 26.4 ± 2.1 < 0.01 0.38 ± 0.09

LPR 20.1 ± 0.5 14.5 ± 0.6 1.95 ± 0.3 10.3 ± 0.5 9.04 ± 0.8 1.02 ± 0.1 0.70 ± 0.0 5.52 ± 1.0 114 ± 15 5.54 ± 0.6 1.8 ± 0.1 12.8 ± 1.0 < 0.01 0.19 ± 0.04

Values reported are average of three replicates ± standard deviation.
BSG, brewers spent grain; FPR, fennel processing residues; LPR, lemon processing residues.
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Figure 1 Extraction yield of BSG, FPR, and LPR at 1:10, 1:25, and 1:50 extraction ratios. Means with different letters within the same raw
materials indicate the significant difference between values at P < 0.05 (LSD Fisher's test). NS not significant, R ratio.
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higher yield than the mixture of EtOH-H2O and there-
fore only aqueous extracts were used for further tests.
In BSG extracts, changing the ratio and/or the solvent

did not affect obtained yields. In our study, applying dif-
ferent solvent extraction ratios did not strongly change
the yields regardless the solvent or material and that was
in agreement with Kalia et al. [27].
In FPR extracts, yields were not affect by changing the

solvent extraction ratio, while the solvent used had sig-
nificant effect. The extraction yields for the different sol-
vents ranked as follows: EtOH < EtOH-H2O <H2O. The
yield of the aqueous extract was almost eight times
higher than for the EtOH extracts. The high extraction
yield obtained from FPR could be due to the richness in
high molecular weight polysaccharide as reported by
Taie et al. [28]. On the other hand, Leal et al. [29] has
estimated the aqueous extraction yield of FPR by 16.8%,
while it exceeded 45% in this study. The different FPR
yields can be explained by the differences in extraction
procedures such as temperature, extraction time, and ra-
tios. Our results varied also when compared to Il-Suk
et al. [30] who obtained an extraction yield equal to
11.38%. Taie et al. [28] found significant differences in
FPR extraction yield when different solvents and/or ratios
were applied and these results are similar to our findings.
In LPR extract, similar results as FPR extracts were

obtained. In fact, aqueous extracts gave the same yield
when 1:10, 1:25, and 1:50 extraction ratios were applied.
Similar results were obtained when EtOH was used.
Conversely, the yield of LPR EtOH-H2O extracts varied sig-
nificantly when different ratios were used. The yield was in
the order of 1:10 < 1:25 < 1:50 for LPR EtOH-H2O extracts.
The yield of LPR extraction using EtOH-H2O extraction
was equal to 135 g kg−1 of fresh peel as determined by
Kang et al. [31]. The differences between our study and the
previous studies could be due to the higher percentage of
EtOH used in the mixture. The low yield of ethanolic ex-
traction of LPR was confirmed by Zia-ur [32]. However, the
extraction yield can be improved by other assistant
methods such as ultrasounding method [33].
Generally, the compounds obtained by organic solvent

such as EtOH are different from those obtained by the
aqueous extraction. Tsibranska et al. [34] found that the
organic solvents like ethanol can give two times higher
content of valuable compounds in the extract. However,
aqueous extraction was adopted for many reasons other
than the yield. Indeed, there are restrictions in organic
solvent use for green extraction technology as well as in
organic farming. Moreover, it should be underlined that
(i) aqueous extraction is efficient and less expensive in com-
parison to other solvents, nontoxic, and environmental-
friendly alternative to conventional extraction techniques;
(ii) it is easy for both field application and market registra-
tion; (iii) organic solvents are phytotoxic for plants and, in
addition, extra work is needed to remove them from the ex-
tract; (iv) other surfactant (e.g., tween, dimethyl sulfoxide)
should be added to redissolve in water compounds ex-
tracted with other organic solvents, increasing the cost of
the bio-effector; (v) the extraction yields of some bioactive
components resulted better in water than ethanol at room
temperature [35]; and (vi) the limitation of aqueous extrac-
tion can be reduced by increasing the temperature [36]
which rises the water polarity [37].

Seed germination bioassays for optimum solvent
extraction ratio determination
Figure 2 shows the germination indexes (GI) after 48 h
of incubation using different aqueous extraction ratios.
According to IRSA method [11], GI index below 60% is
an indication of phytotoxic effect, while GI above 60%, is



Figure 2 Germination index after 48 h. Means with different letters indicate significant difference between values at P < 0.05 (LSD Fisher's test).
Ng no germination. The asterisk denotes that the extraction ratio 1:400 was done only for LPR.
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considered not phytotoxic, and there is no harmful risk
for plant growth.
The highest GI in each ratio of extraction was ob-

tained with BSG treatment followed by FPR treatment.
BSG aqueous extract enhanced seed germination and
root growth. In fact, GI index in BSG aqueous extract
increased by 20% in comparison to control at 1:50 ex-
traction ratio. Seeds did not germinate in the FPR aque-
ous extract at 1:10 extract ratio, and GI increased when
the solvent extraction ratio increased. LPR was very
toxic and no seed germination was observed at 1:10,
1:25, 1:50, 1:100, or 1:200 extraction ratios while GI
reached 62% at 1:400 ratio.
Due to the higher toxicity of FPR and LPR, the related

experiment was repeated for a longer time (144 h). Figure 3
shows the improvement of GI for FPR and LPR aqueous
extract after 144 h of seed incubations. No germination
was registered for LPR extract at 1:25 and 1:50 ratios after
Figure 3 Germination index after 144 h. Means with different letters ind
Ng no germination.
144 h and matched the results after 48 h, while slight in-
crease in GI was obtained by LPR at 1:100 ratio (34%) and
1:200 ratio resulted in GI equal to 66.7%.
In order to understand the effects of the aqueous ex-

tracts on the GI, a correlation matrix was determined
between pH, EC, and GI for each aqueous extract. The
correlation matrices are shown in Table 2. GI is nega-
tively correlated with EC. Salinity inhibits seed germin-
ation due to an osmotic effect or a specific ion toxicity
[38]. In addition, pH influences seed germination. In
fact, seed germination is inhibited when pH is below 5
and completely inhibited when the pH is below 4 [39].
The correlation between pH value and GI explains the
low germination index obtained from LPR aqueous ex-
tract which had the highest acidity. The low GI obtained
in FPR when low solvent extraction ratio is adopted
could be due to the high EC and to the high total poly-
phenols which can negatively affect seed germination.
icate significant difference between values at P < 0.05 (LSD Fisher's test).



Table 3 pH, EC, ash content, total macro- and
micronutrients, total Cd, total Pb, total polyphenols
and antioxidant activity content in BSG 1:25 FPR 1:100
and LPR 1:200 aqueous extracts

Aqueous
extracts

BSG 1:25 FPR 1:100 LPR 1:200

pH 5.5 ± 0.1 5.5 ± 0.2 3.3 ± 0.1

EC dS m−1 0.2 ± 0.0 0.6 ± 0.1 0.5 ± 0.0

Ash % 18.5 ± 0.2 25.0 ± 1.1 9.3 ± 0.3

Total N 40.0 ± 0.4 157 ± 10 10.0 ± 0.2

Total P 47.2 ± 0.2 43.6 ± 0.3 3.78 ± 0.2

Total K 19.4 ± 1.8 330 ± 8.7 50.1 ± 4.5

Total Ca 58.3 ± 0.4 8.22 ± 0.55 34.7 ± 2.7

Total Mg 34.3 ± 0.40 5.41 ± 0.8 5.49 ± 0.60

Total Na 5.44 ± 1.1 72.0 ± 2.3 5.46 ± 0.48

Total Cu mg L−1 0.05 ± 0.01 0.11 ± 0.00 0.05 ± 0.00

Total Fe 0.44 ± 0.08 0.43 ± 0.10 0.55 ± 0.04

Total Mn 0.32 ± 0.01 0.17 ± 0.00 0.03 ± 0.00

Total Ni 0.03 ± 0.01 0.06 ± 0.00 0.02 ± 0.00

Total Zn 0.18 ± 0.05 0.27 ± 0.06 0.27 ± 0.05

Total Cd <0.005 <0.005 <0.005

Total Pb 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Total
polyphenols

g kg−1 10.57 ±
1.96c

57.88 ±
5.61a

49.54 ±
3.13b

Antioxidant
activity

mM trolox L
−1

1.81 ± 0.31c 5.55 ± 1.01a 3.77 ± 0.44b

Table 2 Correlation matrix between pH, EC, and GI
(48 and 144 h) for BSG 1:25, FPR 1:100, and LPR 1:200
aqueous extracts

GI (48 h) GI (144 h)

BSG pH 0.72 Nd

EC −0.86 Nd

FPR pH −0.76 −0.75

EC −0.85 −0.85

LPR pH 0.92 0.89

EC −0.40 −0.71

GI, germination index at 48 h and 144 h; BSG, brewers spent grain; FPR, fennel
processing residues; LPR, lemon processing residues; Nd, not determined.
Values in bold indicate significant P = 0.05 (two-tailed test).
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Total polyphenols are relatively high in FPR and LPR ex-
tracts in comparison to BSG extract. Total polyphenols
are known to have germination inhibitor effect [40].
However, when the toxicity of the extract is low, a re-

tardation in seed germination could be observed. In fact,
at higher solvent extraction ratio for FPR and LPR, an
increase in germination index at 144 h test time was ob-
served in comparison to 48 h. No seed germination was
observed in LPR extract treatment at 1:200 ratio for the
first 48 h while at 144 h, GI was equal to 66.7% which is
considered the limit to classify the extract as nontoxic.
Based on the obtained results, BSG 1:25, FPR 1:100, and
LPR 1:200 (GI > 60%) were selected for the chemical
characterization.
Values reported are average of three replicates ± standard deviation. Within
same row, means with different letters (a, b, c) indicate significant difference
between values at P < 0.05(LSD Fisher's test).
BSG, brewers spent grain; FPR, fennel processing residues; LPR, lemon
processing residues.
Extract characterization
Ash content, total nitrogen, macro- and micronutrients,
and heavy metal contents of each aqueous extract (BSG
1: 25, FPR 1:100, and LPR 1: 200) are shown in Table 3.
The results revealed that all extracts were rich in macro-
and micronutrients; therefore, the use of these aqueous
extracts can have an added value for plant nutrition. The
highest EC (0.6 dS m−1) was measured in FPR extract.
The lowest pH value (3.3) was measured in LPR extract.
Ash content was highest in FPR in comparison to those
in LPR and BSG aqueous extracts. FPR extract was
found to be almost the richest source of N, P, and K in
comparison to those in LPR and BSG aqueous extracts.
BSG extract was slightly higher in total P content than
that in FPR extract. BSG extract showed the highest con-
tent in total Ca and Mg. We found the FPR extract to be
the richest in total K content with more than 330 mg L−1.
Total Mg content was the highest in BSG extract, and
total Fe was the highest in LPR extract. FPR content of
total Na was approximately 13 times higher than those in
LPR and BSG contents. The highest concentrations of K,
Cu, Na, Ni, and Zn were found in FPR extract. Fe is the
most abundant microelement in all three materials with
content ranged from 114 to 169 mg kg−1.
Total Pb content in all extract was around 0.01 mg L−1

which is considered very low, while total Cd content was
below the instrument detection limit (<0.01 mg L−1).
Total polyphenols and antioxidant activity are shown

in the Table 3. Extracts of studied materials revealed dif-
ferent amounts of polyphenols: 10.6, 57.9 and 49.5 g L−1

in BSG, FPR, and LPR, respectively. Aqueous extract ob-
tained from FPR showed high polyphenolic content and
antioxidant activity. Total polyphenols content in BSG
aqueous extract was significantly lower than FPR and
LPR aqueous extract. FPR extract showed an important
DPPH scavenging ability exhibited by the highest anti-
oxidant activity (5.5 mM trolox L−1). LPR antioxidant
activity was much higher than BSG's.
The low content of total polyphenols observed in BSG

extract may be due to their weak solubility in water.
Both hydrolysis and saponification with NaOH are the
suitable extraction techniques of BSG polyphenols [41].
Methanolic extraction was also used for quantification
and extraction of polyphenolic compounds from BSG by
Naczk and Shahidi [42]. The high polyphenolic compounds
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observed in FPR is probably the reason for its high antioxi-
dant activity [43]. Total polyphenols content measured in
this study (57.9 g kg−1) is in accordance with Munir et al.
[44] but was higher than the total polyphenols content ob-
served by Taie et al. [28] (31.94 g kg−1). Parejo et al. [45]
referred the antioxidant activity of FPR to some com-
pounds such as caffeoylquinic acid, rosmarinic acid, and
kaempferol-3-O-glucoside. The high antioxidant activity
of LPR extract was indicated by the strong scavenging
ability of free radicals, and nitrites [46]. The polyphenolic
content of the aqueous solution of other types of citrus
Figure 4 1H NMR spectra of FPR, BSG, and LPR extracts in D2O.
peel powders seems to give different value (3.5 g kg−1) [31]
in comparison with our result (49.5 g kg−1).
High-resolution NMR spectroscopy represents a po-

tentially powerful tool for plant metabolite analysis [47].
This technology has been previously utilized to profile
metabolites in clinical samples [48,49] but also to ac-
count for the metabolic changes that occur during fer-
mentation and/or production processes, and to evaluate
the quality of food and beverages such as oil and wine
[50-52]. The main advantage of NMR spectroscopy, as
well as the sample preparation, is that it is not



Table 4 Metabolites observed in the fennel BSG, FPR, and
LPR extracts and their 1H NMR chemical shifts (δ)
Metabolites BSG FPR LPR δ

Isoleucine x x 0.93 [7]a (t), 1.00 [7] (d)

Leucine x 0.94 [7] (d), 0.96 [7] (d)

Valine x x 0.98 [7] (d), 1.03 [7] (d), 2.26
(m)

Isobutyrate x x x 1.13 [6.5] (d)

3-Hydroxybutirate x 1.21 [6.4] (d)

Lactate x x x 1,35 [7] (d), 4.12 [7] (q)

Alanine x x x 1.48 [7.2] (d), 3.78 [7.2] (q)

Proline x 2.03 (m), 2.36 (m), 3.36 (m),
4.12 (m)

Glutamate x 2.00 (m), 2.08 (m), 2.35 (m)

Glutamine x 2.13 (m), 2.41 (m), 3.77 (m)

Methionine x 2.15 (s)

Pyruvate x 2.36 (s)

Methylamine x x 2.54 (s)

Dimethylamine x x 2.72 (s)

Trimethylamine x x 2.81 (s)

Asparagine x 2.89 (m), 2.96 (m)

Choline x x x 3.20 (s)

Taurine x x 3.26 (t), 3.41 (t)

Methoxy group x 3.83 (s)

β-Cellobiose x x 4.48 [8] (d)

β-Galactose x 4.52 [7.8] (d)

β-Glucose x x x 4.65 [7.9] (d)

α-Cellobiose x x 5.20 [3.6] (d)

α-Glucose x x x 5.25 [3.7] (d)

α-Galactose x 5.27 [3.7] (d)

Sucrose x x x 5.42 [3.8] (d)

Fumaric acid x x 6.56 (s)

Tyrosine x x x 6.88 [8.6] (d), 7.17 [8.6] (d)

Phenylalanine x x 7.33 (m), 7.38 (m), 7.43 (m)

Formiate x 8.43 (s)

Flavonoids (aromatic
signals)

x 6.5 to 9.0 range

aValues of JH,H [square brackets] are given when assignable. BSG, brewers
spent grain; FPR, fennel processing residues; LPR, lemon processing residues.
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discriminatory, unlike certain mass spectrometry methods
that rely on the prior separation and/or derivatization of
metabolites. In this way, all compounds such as carbohy-
drates, amino acids, organic and fatty acids, amines, esters,
ethers, and lipids, which are present in a sample, could be
simultaneously detected and investigated by NMR spec-
troscopy. Thus, NMR spectra of raw material extracts
have the potential to provide a relatively unbiased finger-
print, containing the signals of the metabolites present in
the solution.

1H NMR spectra of extracts showed several signals attrib-
uted to amino acids, sugars, and low molecular weight
compounds (Figure 4). They were assigned by comparison
with published data [15] on the basis of analysis of 2D
NMR spectra (2D 1H J-res, 1H COSY, 1H-13C HSQC and
HMBC). The metabolites list with their chemical shifts (δ),
and the presence detected in each extract are reported in
Table 4. Although most metabolites are present in all ex-
tracts, there are several differences in their concentration.
Interestingly, in the FPR extract, the preponderant metabo-
lites are α and β glucose whereas sucrose and lactate are
the most abundant in the BSG extract. In the LPR extract,
due to the presence of high level of citrate, the pH was very
acidic producing a de-shielding of most pH sensitive signals.
Moreover, the lemon extract shows a very high singlet at
3.83 ppm, attributed to the methoxy moieties of flavonoids.
Concerning NMR profiling results, important differ-

ences were noticed among extracts for leucine, proline,
glutamine, and methionine. The aromatic signal resulted
by flavonoids was observed only in LPR extract.
Lactic acid present in all aqueous extracts is known to

have positive effects on plant growth as well as on crop
yield and quality, especially under stress conditions [53].
This behavior is due to the forming of stable bonds with
several metal ions [54]. Furthermore, the presence of fu-
maric acid in BSG and FPR extracts offers an explan-
ation for their effects. Fumaric acid is required for rapid
nitrogen assimilation, also as a temporary carbon sink
for photosynthate [55].
In BSG extract, α and β-glucose [56] and choline [57]

were previously reported. On the contrary, methoxy
group and proline mentioned in the study of Gupta
et al. [19] and Huige [57], respectively, were not detected
in our samples. Santos et al. [58] suggested that barley
variety along with malting conditions and the type of addi-
tives in the brewing process can affect the BSG content.
However, other possible explanation could be related to
the sensitivity of applied NMR techniques. Moreover, BSG
extract has a special characteristic. Changes occur during
uncompleted germination stage of barley, during the
brewing process, include increment in bioactive com-
pounds [59]. Those changes could play an important role
during seed germination. Pyruvate was detected only in
the BSG extract and it is considered the direct tool by
which gibberellin regulates the growth [60]. Moreover, Yu
et al. [61] explained that pyruvate is converted in plant cell
to acetyl-CoA and NADH for energy production (tricarb-
oxylic acid cycle). Therefore the plant metabolome might
be affected by such processes.
NMR profile of FPR extract showed similar results to

those demonstrated by Muckensturm et al. [22]. The fla-
vonoids observation in LPR extract was reported by
Mandalari et al. [62]. LPR carbohydrates and organic
acids were described also by Poli et al. [63]. Organic
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acids present in LPR extracts had also an important im-
pact on plant growth. Starting from growth media, or-
ganic acids carry negative charges which allow to make
cations complexation and anions displacement [64]. Or-
ganic acids can flow across lipid bilayer of hairy root
cells [65]. Citric acid of LPR is an important component
of the stress response and for plant growth [66].
Finally, the aqueous extracts are rich in several low

molecular weight organic compounds, and can be good
candidates to be tested as bio-effectors in a more de-
tailed study.

Conclusions
Potential and practical contributions of tested raw mate-
rials aqueous extracts as bio-effector candidates were
discussed. The agro-food processing residues and their
extracts studied above showed an interesting content,
either at nutritional or biochemical level, and could be
used as plant growth promoter. They are differently rich
in nutrients, amino-acids, sugars, and low molecular
weight molecules as demonstrated by the chemical ana-
lysis and NMR metabolic profiling. Furthermore, aque-
ous extraction resulted higher yield with respect to other
used solvent. Water, safe and less expensive than other
organic solvents, is effective for BSG, FPR, and LPR ex-
tractions under different extraction ratios. In addition,
aqueous extracts were not phytotoxic but enhanced seed
germination at higher solvent extraction ratio. BSG
aqueous extract enhanced seed germination and root
growth. FPR aqueous extract, at low solvent extraction
ratio, showed low GI which increased when the solvent
extraction ratio increased. LPR was very toxic at low
solvent extraction ratio; therefore, higher solvent extrac-
tion ratios are required for the use of this product.
Finally, the reuse of agro-food processing residues as a

potential source of bio-effectors suggests a rethinking of
plant nutritional management in a sustainable manner.
Bio-effectors can be applied in both low input (organic
and integrated) and high input (conventional) types of
agriculture. According to our results, we suggest that
aqueous extracts could be used even in organic farming.
However, further studies including comparison with
other commercial plant growth promoters and toxicity
studies on the microbial soil community should be con-
ducted to evaluate the effects of suggested bio-effectors
on the soil/plant system.
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