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Introduction: The use of novel soil amendments and the exploitation of
plant growth-promoting microorganisms are considered promising tools for
developing a more sustainable agriculture in times when ensuring high-yield
productions with limited resources is essential.

Methods: In this study, the potential of brewers’ spent grain (BSG), the
major by-product of the brewing industry, as organic soil amendment, was
investigated. Bioprocessed BSG, obtained by an enzymatic treatment coupled
with fermentation, together with native BSG, were used as amendments
in a pot-trial. An integrated analytical approach aimed at assessing the
modification of the physicochemical properties of a typical Mediterranean
alkaline agricultural soil, and the plant growth-promoting effect on escarole
(Cichorium endivia var. Cuartana), was carried out.

Results: The use of biomasses led to soil organic content and total nitrogen
contentup to 72 and 42% higher, compared to the unamended soils. Moreover,
the lower pH and the higher organic acids content doubled phosphorus
availability. Although the number of leaves per plant in escaroles from pots
amended with native and bioprocessed BSG did not show any difference
compared to plants cultivated on unamended pots, the average fresh weight
per escarole head, was higher in pots amended with bioprocessed BSG.

Discussion: Hence, the results collected so far encourage BSG application for
agricultural purpose, while solving the problem of disposing of such abundant
side stream.

KEYWORDS

organic waste, sustainable agriculture, brewers’ spent grain, lactic acid bacteria, soil
amendment

Introduction

Beer is one of the most consumed beverages across the world and its major
byproduct is represented by brewers spent grain (BSG). BSG is generated during
the malting mashing processes of brewing and comprises the outer layers of barley
grains and, of the other cereals potentially used. Every 100L of beer produced,
20kg of BSG is generated (Yoo et al, 2021), leading to production volumes
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of 39 million tons of BSG every year worldwide, 3.4 million of
which, just in Europe (Bianco et al.,, 2020). A small quantity
of BSG is used as low-value animal feed, while the remaining
part is discarded (Ravindran and Jaiswal, 2016). Such residual
biomass represents, on one hand, a huge cost and risk for the
environment, on the other, a source of organic carbon and
nutrients that could be valorised as soil amendment.

BSG contains up to 20% of proteins, composed mainly
by essential amino acids, it is also rich in cellulose (17%)
and arabinoxylans and shows an acidic pH due to the
presence of organic acids (Mussatto et al., 2006). Although
the amount of available fermentable sugar is low, BSG can
be used as substrate for fermentation with lactic acid bacteria
(LAB) whose activity further lowers the pH and enhances
the release of phenolic compounds, flavonoids, and protein
derivatives (Verni et al, 2019, 2020). It was also showed
that fermentation of BSG by Lactiplantibacillus plantarum or
Leuconostoc pseudomesenteroides induces an overexpression of
genes involved in the metabolism of arabinose and xylose, the
most abundant sugars composing BSG arabinoxylans (Acin-
Albiac et al., 2022).

Nowadays ensuring high production yields with limited
resources is of utmost importance to guarantee the sustainability
of the global food system. Amendments with residual biomasses
are highly recommended because they restore fertility of
degraded soils (Abdelrahman et al., 2020), improve the quality
of growing substrates in pot cultivation (Mininni et al., 2015),
positively influence both chemical and microbiological soil
properties (Ozores-Hampton et al, 2011), and allow carbon
sequestration (Zhang et al., 2012). For example, for alkaline
soils, which are characterized by high pH values leading to
the precipitation of iron as iron oxyhydroxides and to the
adsorption of phosphate by soil minerals (Sposito, 2016),
application of organic matter is essential to increase yields; and
BSG, native and bioprocessed, used as soil amendments, besides
providing organic matter could provide several benefits. Organic
acids could be involved in the competition for phosphate
sorption sites, helping the desorption of P and increasing its
availability (Brunetti et al., 2019), as well as in the solubilization
of iron by lowering the pH (Cocozza and Ercolani, 1997). In
addition, LAB are plant growth promoting microorganisms
(PGPM) that can act as biocontrol agents, help plants to
withstand biotic and abiotic stress and produce compounds that
directly stimulate plant growth (Lamont et al, 2017). From
an environmental perspective, bacterial species belonging to
the former genus Lactobacillus are among the microorganisms
able to bioaccumulate metals. Ameen et al. (2020) showed
that the former Lactobacillus plantarum (recently reclassified
as Lactiplantibacillus plantarum) absorbed on the surface and
inside the cells a great amount of Ni** and Cr>* from industrial
wastewaters. The superficial adsorption is possibly due to the
electrostatic interaction of metals with the functional groups of
the bacterial cell wall (Kargar and Shirazi, 2020).
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Based on the above consideration, we hypothesized that
the integration of BSG into Mediterranean alkaline agricultural
soils could positively affect their physicochemical properties
and promote plant growth. In this framework, this study
aimed at investigating the potential of BSG as organic soil
amendment, referring to a proof-of-concept escarole cultivation
model (Figure 1). In particular, brewers’ spent grain, native
or processed (bBSG) according to a biotechnological protocol
previously optimized for the release of phenolic compounds
and bioactive peptides through enzymatic treatment and LAB
fermentation (Verni et al., 2020), were used in a pot trial.
An integrated approach for the characterization of native and
processed BSG amended soils and plants was applied.

Materials and methods

BSG-based amendments preparation and
characterization

Raw material, enzymes, and microorganisms

BSG was kindly provided by Peroni brewery (Bari, Italy) and
had the following proximal composition: moisture 80%; protein
21% of dry matter (d.m.); fat 10.9% of d.m.; cellulose 22.5% of
d.m.; hemicellulose, 25% of d.m, lignin, 15.3% of d.m; ashes,
5.1% of d.m.

Lactiplantibacillus plantarum PU1, belonging to the Culture
Collection of the Department of Soil, Plant and Food Sciences
(University of Bari, Italy), selected as starter based on the
kinetics of growth and acidification and the ability to increase
antioxidant activity of BSG (Verni et al, 2020), was used
in this study. The strain was routinely propagated on De
Man, Rogosa and Sharpe (MRS) medium (Oxoid, Basingstoke,
Hampshire, UK) at 30°C. Before inoculation it was cultivated
until the late exponential phase of growth (ca. 10 h), harvested
by centrifugation at 10,000 x g for 10 min at 4°C, washed twice
in 50 mM sterile phosphate buffer (4°C, pH 7.0), resuspended in
sterile distilled water, and used to inoculate BSG.

The commercial hydrolytic enzyme, Depol™ 761P
(Biocatalysts, Chicago, IL), a preparation derived from Bacillus
subtilis having xylanase activity (14,670 nkat g 1), was used for
the BSG treatment before fermentation.

Bioprocessing

BSG bioprocessing was carried out as described by Verni
et al. (2020). Briefly, BSG homogenized with water at a 60:40
ratio was added of Depol™ 761P (100 nkat g~ 1) and incubated
at 50°C for 5h. After the enzymatic treatment, L. plantarum
PU]1, cultivated as above described, was inoculated (initial cell
density ca. 7.5 log cfu g~!) and the mixture incubated at 30°C
for 24 h.
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FIGURE 1
Experimental design.

Characterization of brewers’ spent grain
biomasses

Fermentation was monitored by measuring, before and
after incubation, pH and enumerating presumptive LAB using
MRS (Oxoid, Basingstoke, Hampshire, United Kingdom) agar
medium, supplemented with cycloheximide (0.1g L™!). Plates
were incubated in anaerobiosis condition (AnaeroGen and
AnaeroJar, Oxoid) at 30°C for 48 h. The amendments were
also characterized for the presence of yeasts, molds, and
Enterobacteriaceae. Yeasts and molds were cultivated on Yeast
Peptone Dextrose Agar medium (Sigma-Merck, Darmstadt,
Germany), supplemented with chloramphenicol (0.1g L),
through pour and spread plate enumeration, respectively, and
incubated at 25°C whereas Enterobacteriaceae were determined
on Violet Red Bile Glucose Agar (Oxoid) at 37°C for 24 h. pH
values were determined by a pH meter (Model 507, Crison,
Milan, Italy) with a food penetration probe. The AACC method
02-31.01 (AACC, 2010) was used for the determination of
total titratable acidity (TTA) of samples and expressed as the
amount (mL) of 0.IM NaOH necessary to reach pH of 8.4.
Native and bioprocessed spent grain were also characterized
for electrical conductivity (EC), moisture, total nitrogen (TN),
total phosphorous (TP) and organic carbon (OC) contents,
following the methods by Trinchera et al. (2006). The moisture,
expressed as percentage of the initial weight, was determined
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by drying samples at 105°C overnight. The EC was measured
on sample/water extracts (1:10 w/v) after shaking for 30 min
using a Hanna Edge® EC instrument. The TN content was
determined by the Kjeldahl method, while, according to Ciavatta
et al. (1989), the OC content was determined by dichromate
oxidation and subsequent titration with ferrous sulfate. The
total P content was measured spectrophotometrically at 650 nm,
after incinerating biomass samples at 550°C, suspending ashes
in 10% hydrochloric acid solution, and developing the blue
color in the filtered solution in accordance with the Olsen
(1954).

Water/salt-soluble extracts (WSE) of the biomasses were
prepared according to the method originally described by
Osborne and modified by Weiss et al. (1993) using 50 mM Tris—
HCI (pH 8.8). After centrifugation, the supernatants were used
to determine sugars, organic acids, peptides, and total free amino
acids (TFAA) concentration.

Glucose was measured using the D-Fructose D-Glucose
Assay Kit K-FRUGL (Megazyme International Ireland Limited,
Bray, Ireland), following the manufacturer’s instructions,
whereas organic acids were quantified by High Performance
Liquid Chromatography (HPLC), using an AKTA Purifier
system (GE Healthcare, Buckinghamshire, UK) equipped
with an Aminex HPX-87H column (ion exclusion, Biorad,
Richmond, CA), as described by Rizzello et al. (2010).
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For the analysis of peptides, WSE were treated with
trifluoroacetic acid (0.05% wt/vol), centrifuged (10,000 x
g for 10min), and subject to dialysis (cut-off 500 Da)
to remove proteins and free amino acids, respectively.
Then, peptides concentration was determined by the o-
phtaldialdehyde method as described by Church et
(1983), and dialysates analyzed through Reversed-Phase Fast

al.

Performance Liquid Chromatography (RP-FPLC), using an
AKTA FPLC equipped with a Resource RPC column, with the
UV detector operating at 214 nm (GE Healthcare Bio-Sciences
AB, Uppsala, Sweden) as described by Rizzello et al. (2010).
TFAA were analyzed by a Biochrom 30+ series Automatic
Amino Acid Analyzer (Biochrom Ltd., Cambridge Science Park,
United Kingdom), equipped with a Li-cation-exchange column
(4.6 x 200 mm internal diameter) (De Pasquale et al., 2021).

Pot trials

Experimental design

An alkaline and tilled soil classified Haplic and Petric
Calcisol, according to TUSS Working Group WRB (2015), was
collected in Southern Italy, air dried and used for the pot
experiments. Treatments were: (i) not amended soil, without
plant (CTA); (ii) soil amended with BSG, without plant (BSGA);
(iii) soil amended with bBSG, without plant (bBSGA); (iv) not
amended soil, with plant (CTP); (v) soil amended with BSG,
with plant (BSGP); (vi) soil amended with bBSG and with plant
(bBSGP). Pots were distributed in a completely randomized
design with three replications for each treatment, for a total of 18
experimental pots, and the trial was performed in a greenhouse
at the University of Bari, Italy. The amended pots received BSG
or bBSG at a dose of about 25,000 kg ha~! according to the good
local agricultural practices (Abdeldaym et al., 2018). Thirty-
days-old seedlings of Cichorium endivia var. Cuartana, a variety
of escarole, were transplanted at the end of the first period of
February 2020 and the trial was stopped at the beginning of
April. The first irrigation was performed immediately after the
transplanting for the rooting and establishment of the plants.
The subsequent irrigations were carried out when water lost
by evapotranspiration (ET) reached about 40% of the available
water depletion in the soil. The ET was calculated utilizing values
of a class A pan evaporation and following the FAO procedure
(Allen et al., 1998). During the trial, the temperature ranged
from 5°C in the night to 23°C at mid-day, and all pots did
not receive any further kind of fertilization. The escarole was
intended for the fresh consumption, as salads, or cooked, as a
side dish.

Soil characterization
The soil was characterized at the beginning of the
trial (T0) for pH, EC, TN, available phosphorous (Paya),
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and OC content, according to the conventional analytical
methods described by Sparks et al. (1996). Briefly, the pH
was measured in deionized water (pHpp0) and in 1M KCI
(pHk(y) suspensions at 1:2.5 soil to liquid ratio, whereas the
electrical conductivity (EC) was measured in filtrates from a
1:2 soil to water ratio. The TN content was determined by
the Kjeldahl method. The OC was measured by dichromate
oxidation and ferrous sulfate titration according to the
Walkley-Black method (De Vos et al, 2007). The Paya was
extracted with a 0.5M NaHCO3 solution and determined
spectrophotometrically at 650 nm, according to the Olsen
(1954). Diethylenetriaminepentaacetic acid (DTPA)-extractable
fractions of Mn, Fe, and Cu were obtained from a 1:2 soil
to DTPA solution. DTPA extracts were filtered by gravity
through Whatman No. 42 filter paper, and the solutions were
then analyzed using an inductively coupled plasma iCAP 6000
Series ICP-OES Spectrometer (Thermo Electron Corporation,
Walthman (MA), USA). Particle size analysis was determined by
the pipette method.

At the end of the experiment, all soils were analyzed again
to investigate the effects of native and bioprocessed BSG in the
presence and in absence of plants on soil parameters with respect
to TO.

Plant characterization

To verify the effects of BSG and bBSG on plant during
the trial, indirect measurements of the chlorophyll content
were carried out using SPAD-502 (Konica Minolta, Japan).
At the end of the test (50 days from transplanting) the
number of plant leaves was recorded, as well as their fresh and
dry weight to determine production yield of each treatment.
Moreover, leaf samples were analyzed for their P, Mn, Fe,
and Cu content, aiming at verifying the effects of each
treatment on leaf composition. The total P was obtained
according to Trinchera et al. (2006). The total Mn, Fe, and
Cu content were determined using the microwave-assisted
HNO3:H,0,:HCI
mixture (6:1:1, v:iv:v) to each sample. At the end of the

acid digestion method, adding a Suprapur

digestion, samples were cooled, filtered through Whatman No.
42 filter paper, diluted with distilled Milli-Q Reagent grade
water and, finally, analyzed by means of an inductively coupled
plasma iCAP 6000 Series ICP-OES Spectrometer (Thermo
Electron Corporation).

Statistical analysis

Experimental data were tested against the normal
(Shapiro—Wilk test) and the

homogeneity of variance (Bartlett test) using R studio. The

distribution of variables

variables normally distributed with homogeneity of variances
verified were subjected to an ANOVA and HSD test.
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Results

Biomasses characterization

In bBSG, the initial cell density of presumptive LAB
corresponded to the targeted inoculum and, after fermentation,
increased of ca. 1 log cycle, reaching 8.32 4 0.12 log cfu g~ .
The presence of potentially spoiling microorganisms was also
assessed. Yeasts and molds in BSG were 4.7 £ 0.3 and 1.2
+ 0.2 log cfu g, respectively, whereas Enterobacteriaceae
were 3.3 4 0.1 log cfu g~!. After bioprocessing, compared to
BSG, a significant decrease of yeasts and molds was observed,

1 whereas Enterobacteriaceae

remaining below 2.5 log cfu g~
were not detected.

Fermentation led to a relevant acidification. The pH
decreased from 4.49 + 0.15 of BSG to 3.75 £ 0.11 of bBSG,
with a production of roughly 68 and 13 mmol kg~! d.m.
of lactic and acetic acid, respectively, which were detected
in traces in native BSG. As consequence, TTA value was
significantly higher in bBSG (11.72 £ 0.62mL) compared
to BSG (3.59 =+ 0.21mL). Glucose was not detected in
both biomasses.

Bioprocessing of the biomass led to an increase in peptides
concentration of ca. 20%, reaching 75mg g~! d.m. in bBSG.
This trend was confirmed by the FPLC chromatograms, where
although the number of total peaks detected was lower in
bBSG, compared to BSG, a higher total area was found
after bioprocessing (1,472 + 80 against 854 + 42 mAU*mL,
respectively). Moreover, the treatment led to a shift toward
less hydrophilic peptides. Indeed, almost 60% of all peptides
detected in bBSG eluted in the range 46-100% of acetonitrile,
20% more than BSG. On the contrary, TFAA significantly (P <
0.05) decreased after bioprocessing reaching 980 mg kg ™! d.m.
against the 3.7 g kg~ d.m. found in native BSG.

As shown in Table I, bioprocessing increased the EC
content of the biomass, while BSG showed significantly higher
total phosphorous content compared to bBSG. The content
of OC, TN, and the C/N ratio did not significantly differ
between biomasses.

Soil characterization

Table 2 reports soils physicochemical properties at the
beginning (T0) and at the end of the trial. The pHypo of TO,
CTP and CTA was alkaline and ranged from 8.37 & 0.12 to 8.71
=+ 0.04, while that of soils with bBSG and BSG supplementation
was significantly lower, even if they did not show significant
differences among each other. In contrast, the pH of all soils
did not show any significant difference. Treated soils, with or
without plant, had significantly higher OC and TN than TO
and corresponding control pots. The availability of P increased
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significantly with the addition of the biomasses and with plants,
while the Pay, content raised only in treated pots without plants.

No significant differences were observed in the content of
available iron, manganese, and copper in soils, with or without
plants, and treated with bioprocessed or native BSG (data
not shown).

Plant characterization

Table 3 reports the mean biometric features of escaroles at
the end of the experiment. The plants from BSG and bBSG
amended pots had number of leaves 1.21- and 1.14-times higher,
respectively, than plants cultivated on control pots, although
all treatments did not have any significant difference among
each other. Regarding the yield, bBSG amended pots showed the
highest fresh weight and their yield was 1.26-fold higher than
control pots, followed by BSG amended pots, whose yield was
1.18-time higher than CTP. The application of biomasses also
significantly increased the dry weight of plants with respect to
CTP. In fact, BSG and bBSG treated escaroles showed a dry
weight 1.19- and 1.24-fold higher than CTP, respectively.

No difference in the content of micronutrients and
phosphorus were observed among plants grown in control
soil or soils treated with BSG or bBSG, as reported in
Table 4. Whereas, chlorophyll content of escarole leaves,
initially unaffected by the treatments, from the 27th day after
transplantation, was significantly higher in leaves from plants
grown in treated soils, with respect to the control pots (Figure 2).
However, no significant difference was observed between the
bioprocessed and native BSG tested.

Discussion

Most of the BSG generated is used as feed or disposed of as
landfill, whereas a little part of it is used for biogas/bioethanol
production (Mussatto et al., 2006), nevertheless, up-cycling
strategies that include its complete reutilization without further
generation of by-products should be favored. Due to the
potential health benefits deriving from its components, the
inclusion of BSG in bakery products has been proposed
by several authors (for a review see Lynch et al, 2016)
and examples of such products can also be found at retail
level. Since the incorporation of untreated BSG often entails
negative repercussion on the structure of such products,
BSG valorization as functional food ingredient, through
bioprocessing technology, has also been recently proposed
(Verni et al., 2020; Schettino et al., 2021; Koirala et al., 2022),
while its the use as soil amendment is uncommon and it has
been only partially investigated. The use of BSG as organic
amendment in soils cultivated with maize was first proposed by
Mbagwu and Ekwealor (1990). They found that the highest BSG
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TABLE 1 Chemical and physicochemical characteristics of native (BSG) and bioprocessed brewers’ spent grains (bBSG).

pH EC (dSm™1) 0C (%) TN (%) C/N P (mgkg™1) Moisture (%)
BSG 4.49 £ 0.15* 0.27 = 0.04° 44,5+ 8.0 3.46 £0.22 12.79 £2.99 6,359 + 350* 84.36 + 0.48
Bbsg 3.75+0.11° 0.37 +0.04* 323+1.3 3.60 £+ 0.27 8.96 + 0.30 4,113 + 199° 83.23 +2.50
HSD.test > il ns ns Ns ok ns

Data are the means of three independent experiments =+ standard deviations (n = 3).
a=bValues in the same column, among cultivated or uncultivated pots data groups, followed by a different letter, are significantly different according to HSD. test. ~* Significant at p < 0.01,
™" Significant at p < 0.001. ns, not significant.

TABLE 2 Chemical and physicochemical properties of soils unamended (CT) and amended with native (BSG) or bioprocessed brewers’ spent grain
(bBSG), uncultivated (A) or cultivated with escarole plants (P).

-1 -1 -1 -1
pHH20 pHkcl EC (nScm™") OC (gkg™) TN (gkg™") Paya (mgkg™)
Pots without plant

TO 8.71 + 0.04° 7.65 4 0.03 707 + 264 8.04 & 1.46° 1.27 £ 0.07° 3434215
CTA 8.41 £ 0.07° 7.66 %+ 0.03 700 + 107 8.74 +1.74° 1.26 4 0.03%¢ 2.31+0.06
BSGA 8.12 4 0.10° 7.5440.12 497 + 113 14.03 £ 1.84% 1.69 + 0.22% 5.00 & 2.20
bBSGA 8.19 4 0.11¢ 7.53 4 0.10 512 4 100 15.01 £ 2.66* 1.79 £ 0.25% 5.12 4 2.30

* ns ns * > ns

Pots with plant

TO 8.71 & 0.04° 7.65 4 0.03 707 + 264 8.04 4 1.46° 1.27 £0.07° 3.43 4+ 2.15%
CTP 8.37 4 0.12° 7.69 4 0.05 676 & 89 10.53 £ 0.33" 129 £0.11° 2.43 4 0.06°
BSGP 7.94 4 0.09¢ 7.37 4 0.16 557 4 141 15.52 £ 2.12% 1.67 £ 0.15° 6.31 & 1.50%
bBSGP 7.83 4 0.07¢ 7.5240.19 486 + 40 17.11 £ 2.38* 1.67 +0.18 6.62 %+ 1.70°

% ns ns % *% *

Data are the means of three independent experiments =+ standard deviations (n = 3).
2=CValues in the same column, followed by a different letter, are significantly different according to HSD. test. "Significant at p < 0.05; " Significant at p < 0.01; " Significant at p < 0.01;
ns, not significant.

TABLE 3 Biometric features of escarole plants, grown in soil unamended (CTP) and amended with native (BSG) or bioprocessed brewers’ spent grain
(bBSQ), at the end of the trial.

Number of leaves Treated/CTP Average head escarole Treated/CTP  Average head escarole Treated/CTP

per plant leaves ratio fresh weight (g) yield ratio dry weight (g) dry weight
ratio
CTP 14+12 - 1244 £17.1° - 252£0.5 -
BSGP 17415 1.21 +0.20 1463 + 3.3% 118 £0.16 30.0 +0.7° 1.19 £ 0.08
bBSGP 16435 114 +0.23 156.9 + 5.7° 1.26 £0.15 31.241.2° 1.24+0.11
ns ns * ns * ns

Data are the means of three independent experiments =+ standard deviations (1 = 3). *®Values in the same column, followed by a different letter, are significantly different according to
HSD. test.; 'Signiﬁcant at p < 0.05; ns, not significant.

dose (10% w/w) determined the better soil conditions due to with the use of BSG as soil amendment, while in a recent
its capacity to improve aggregate stability and water retention review, Chetrariu and Dabija (2020) reported the use of BSG
capacity, whereas the lowest dose (2.5% w/w) determined the for obtaining a biochar to employ as nutrient supplier for plant
highest crop production yield. Aboukila et al. (2018) tested growth and soil improver.

BSG in comparison to compost in calcareous soils cultivated On the other hand, LAB can regulate the fate of phosphate
with squash. Authors concluded that the application of BSG in soil (Levering et al., 2012) or fix atmospheric nitrogen (Giassi
was more economical than compost and determined the best et al., 2016), can act as biocontrol agent and increase the shelf
results in terms of soil pH reduction, soil water holding capacity life of the amendment (Cacace et al., 2022), therefore their use
and squash yield. No further studies have been conducted in agriculture is desirable.
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TABLE 4 Micronutrients and phosphorous content expressed as mg
kg~! of escarole leaves grown in soil unamended (CTP) and amended
with native (BSG) or bioprocessed brewers’ spent grain (bBSG).

Mn Fe Cu P
CTP 0.73 £ 0.09 12.93 + 6.56 0.18 % 0.06 141 +32.25
BSGP 0.98 & 0.46 13.90 + 7.44 0.18 4 0.03 141 +£9.32
bBSGP 0.7140.23 9.49 4 7.55 0.15 4 0.03 126 +6.13
ns ns ns ns

Data are the means of three independent experiments = standard deviations (n = 3).
Ns, not significant.

Bioprocessing of the biomass is crucial to enable higher
microbial stability of the spent grain while leading to
the synthesis/release of compounds of interest. Indeed, the
significant lower pH of bBSG compared to that of BSG, ascribed
to the higher content of lactic and acetic acids and, to a lesser
extent, to hydroxycinnamic acids released by the enzymatic
treatment (Verni et al., 2020), prevented the proliferation of
other microorganisms, either bacteria or molds, potentially
spoiling the biomass. The great impact of the bioprocessing
on the biomass shelf-life is an aspect particularly appealing in
view of the potential large-scale application of brewers’ spent
grain as soil amendment. In addition, as previously reported,
the sequential enzymatic/fermentative treatment also enabled
the release of peptides having higher hydrophobic ratio than
those in BSG, a feature that enhances their solubility in lipids,
thus facilitating access to hydrophobic radical species and to
hydrophobic polyunsaturated fatty acids (Sarmadi and Ismail,
2010; Verni et al, 2020). On the downside, bioprocessing
determined a 70% decrease of FAA most likely metabolized by
the LAB used as starter.

The
microorganisms

partial mineralization of BSG,
the bioprocessing,
determined the release of salts causing a slight but significant
increase of the EC of bBSG compared to BSG. Further,
the lower content of total P in bBSG compared to BSG
was probably due to the interaction of phosphates with

operated by

during could have

the surface and the stirrer of the bioreactor during the
bioprocessing, leading to a certain removal of that nutrient from
the biomass.

The biomasses slightly but significantly decreased the soil
pH. In addition, soil in cultivated pots showed lower pH values
than uncultivated soils, thus highlighting the plant rhizosphere
contribution to the soil pH level. As expected, biomasses
addition to the soil led to significantly higher content of OC
and TN in treated soils compared to the unamended ones,
regardless of the plant presence. The Paya content did not differ
among pots without plants, even if the treated but uncultivated
pots (BSGA and bBSGA) showed slightly (but not significantly)
higher values of such parameter than the corresponding control
(CTA). bBSG supplied less total P than BSG, but the Paya
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content of the corresponding amended soils was similar.
This is possibly due to the abundant monocarboxylic acids
production of the L. plantarum strains used as starter for
bioprocessing, that could promote the solubilization of P. It is
indeed generally accepted that P solubilization is also associated
with the release of low molecular weight organic acids which,
through their hydroxyl and carboxyl groups, chelate the cations
bound to phosphate, thus converting it into soluble forms
(Tabatabai, 1994). In contrast, the rhizosphere effect of the
escarole roots induced a significantly higher availability of
phosphate in cultivated pots (BSGP and bBSGP), probably due
to the release of more suitable di- and tri-carboxylic organic
acids and phosphatases (Brunetti et al, 2019). In any case,
all treatments shared a very low Paya content (lower than
6.6 mg kg~ !) that could have represented a limiting factor for
the crop.

The first 25 days after transplantation were possibly needed
for the rooting and establishment of the plants while, after this
period, both BSG and bBSG supported similarly the crop due
to their almost equal N contribution to the plant nutrition.
Although the number of leaves did not differ among treatments,
their fresh and dry weight was different, leading to the highest
final yield when bBSG amendment was applied. The dry weight
of escaroles was influenced by the application of biomasses
since all treatments received the same amount of water during
irrigations, but the amended pots retained more water precisely
because of the organic amendments. The higher availability
of water provided a better photosynthesis, as confirmed
also by the SPAD readings, thus a greater accumulation of
photosynthates. Nevertheless, other cultivars or crops could
respond differently to the same treatments due to their different
genotypes, hence more studies should be performed. It can
be hypothesized that the bioprocessing played an important
promotion of the decomposition and mineralization processes
of BSG and/or stimulating PGPM of the rhizosphere microbial
community. A great deal of this stimulation might be due
the organic acids produced, during the bioprocessing, by the
carbohydrates metabolism of L. plantarum PUIL. Indeed, it
was recently showed that lactic, oxalic, and citric acids are
used as source of carbon and energy by soil microorganisms,
confirmed by the increase in dehydrogenase and phosphatase
activity (Macias-Benitez et al., 2020), bioindicator of soil fertility
and phosphate bioavailability (Karaca et al., 2010; Navnage
et al, 2018). Treating soils with organic acids, especially
lactic acid, not only affects soil physicochemical performances
but also induces changes in the soil microbiota composition
favoring the proliferation of microorganisms (Bacillus spp.
and Micrococcaceae) involved in soil degradation and fertility
(Macias-Benitez et al., 2020). The authors observed that, once
the lactic acid was degraded, although the biodiversity tended
to return to phyla similar to those found before the treatment,
an induction pattern of PGPM was left (Macias-Benitez et al,,
2020).
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FIGURE 2
Effect of the biomasses on chlorophyll content of escaroles grown in control soil (CTP), soil amended with native (BSGP) or bioprocessed
brewers' spent grain (bBSGP). 2P Different letters indicate significant differences among the data according to HSD test. Vertical bars represent
standard deviation.

The similar P content found in leaves from all treatments
is probably due to the low availability of such nutrient in the
soils, while the similar content of Cu, Fe and Mn in leaves
can be ascribed to their nature as micronutrients (even their
level in control soil satisfied the plant nutrition). Although
similar biometric parameters of escarole plants were found
between amended and unamended soils, from the 27th day
of treatment onward, BSG and bBSG prompted to a better
chlorophyll content compared to unamended soils. Such effect,
most likely caused by the higher TN content of amended soils,
was similar to that previously found in escarole cultivated in
soil amended with wasted bread, used as such or bioprocessed
with amylolytic enzymes and lactic acid bacteria (Cacace et al.,
2022).

Generally, the application of plant- or animal-based organic
amendment residues is known to increase soil enzymatic
activities with a crucial role in C (B-glucosidase and f-
galactosidase), N (urease), P (phosphatases), and S (sulphatase)
cycles and are also used as quality indicators for pollution,
ecosystem perturbations, and agricultural practice (Karaca et al.,
2010). Still, the contribution of microbial enzymes brought
about by bBSG cannot be excluded as a factor influencing soil
biochemical and microbial properties. As a matter of fact, during
BSG bioprocessing, the environmental pressure exerted by the
low availability of energy sources shifts L. plantarum phenotype
toward the metabolism of arabinose and xylose and increases the
expression of genes encoding for cellobiose metabolism (Acin-
Albiac et al., 2022), all of which could be of great importance
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in the degradation of fibrous material in soil as well as the
ability of the strain to adapt to soil conditions and keep exerting
beneficial functions long after amendment practice. Moreover,
the intense metabolic activity of B-glucosidases, whose genes
are present in high redundance in LAB genomes, has been
negatively correlated with soil heavy metals (Karaca et al., 2010)
suggesting that these enzymes, involved in the degradation of
carbohydrates as well as in the release of a wide range of phenolic
compounds in BSG (Acin-Albiac et al., 2022), might be a key
element to fight soil pollutants.

In conclusion, the use of brewers spent grains as soil
amendment determined higher yield of escarole compared to
the unamended soil, especially when the biomass was previously
subjected to bioprocessing. Overall, brewers spent grains
supplied organic matter and total nitrogen to soils, improving
their fertility. The acidic nature of this biomass, especially when
subjected to lactic acid fermentation, can improve alkaline soils
increasing the solubility of nutrients. In contrast, the use of
these biomasses is not recommended in acid soils, because
can determine an excessive availability of potentially toxic
elements and an excessive presence of Al deriving from mineral
weathering. Although further investigation on the agronomical
responses of other cultivars or plants, as well as LAB survival in
amended soil, their ability to modulate soil microbiota, or their
potential in chelating heavy metals or other soil pollutant are
needed, the results collected in this preliminary study encourage
its application for agricultural purpose, also solving the problem
of disposing of such residues widely produced all over the world.
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