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Abstract: About 95% of global hydrogen production is made by fossil fuels using different technolo-
gies which are all characterized by high energy consumption and high carbon emissions. Alternatively,
more sustainable production methods, such as biological fermentation processes, are under study.
Dark fermentation, also called acidogenesis, entails the transformation of a great variety of organic
substances into a mixture of organic and inorganic products, as well as gases (H2 and CO2). In
this study we tested an exhausted fermentation broth, derived after Clostridium fermentation for H2

production, as a biostimulant via foliar application in an intensive apple orchard. Two different doses
were applied upon dilution of the broth in water (100 mL L−1 and 10 mL L−1), evaluating the main
fruit quality parameters (fresh weight, fruit diameter, dry matter, firmness, soluble solid content, color
lightness, DA index) in addition to macro- and micro-nutrients and heavy metals concentrations.
Chemical characterization of the broth showed a high amount of low-MW polypeptides (Trp-Glu-Lys,
Ile-Pro-Ile, Phe-Pro-Lys, His-Pro) and organic acids (formic acid, butyric acid, butanedioic acid);
moreover, quantitative analyses of inorganic ions showed no heavy metal detection but high concen-
trations of nitrogen, phosphorus and potassium, compatible with use in agriculture. The fruit quality
parameters showed significantly higher mean fruit weight compared to the untreated trees, as well as
higher dry matter. No statistical differences were recorded among the treatments for fruit firmness,
diameter and yield. Soluble solids content in both treatments were significantly lower than the
controls, whereas the DA index mean values were higher in both treatments compared to the controls,
indicating a delay in fruit ripening probably due to the high nitrogen broth concentration. Regarding
the chemical analyses of fruits, no particular differences were found among the treatments, except for
Fe, which showed a significantly higher amount upon treatment with the lower dose. As concerns
leaves, no phytotoxic symptoms were detected in both treatments, making the described exhausted
broth a candidate for its use as a plant biostimulant. Additional studies are needed to evaluate
the ideal application dose, identify further action targets and implement appropriate strategies to
concentrate the biostimulant active compounds.

Keywords: dark fermentation; biorefinery; hydrogen; biohydrogen; bioprocess; circular economy;
by-products; biostimulant; orchard management; fruit quality traits

1. Introduction

The current global energy demand is heavily dependent on fossil fuel reserves, which
are depleting and cause severe pollution problems due to the emission of greenhouse
gases [1]. The scientific community established that increasing CO2 levels are impacting
the greenhouse gas effect and global warming [2]. Hydrogen (H2), as a fuel, due to its
high energy yield and low heating value, is more efficient than hydrocarbon-based fossil
fuels [3]. Hydrogen can also be used in fuel cells as part of an electric power generation
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system [4]. A fuel cell is an electrochemical low-temperature device in which hydrogen is
directly converted into electrical energy [5]. Moreover, hydrogen is a carbon-free molecule
whose combustion produces exclusively H2O [6]; it is a colorless, odorless and non-toxic
gas. As much as 95% of global hydrogen production is made by fossil fuels through SMR
(steam methane reformation) [7], electrolysis and gasification, each a technology with
high energy consumption and high carbon emissions. Alternative production methods,
eco-friendlier and more sustainable, based on biological fermentation processes, are under
study and considered as emerging technologies [8]. Hydrogen produced from biological
processes is called biohydrogen and its production is carried out by different microorgan-
isms, such as fermenting bacteria—i.e., photosynthetic bacteria including cyanobacteria
and eukaryotic organisms such as algae and fungi—which produce hydrogen with no light
requirement via so called “dark fermentation” [9]. Dark fermentation, also called acido-
genesis, entails the transformation of a great variety of organic substances into a mixture
of organic (e.g., organic acids, peptides) and inorganic products, as well as gases such as
H2 and CO2 [10]. In this process, a part of the organic substrate may be oxidized, while
a part is reduced. From this oxidation-reduction of organic substrates, microorganisms
receive energy, producing different valuable soluble organic compounds [11]. Among the
available biological methods, H2 production via dark fermentation is the simplest [12].
Different suitable residual substrates have been tested to this end, including food waste [13],
agricultural waste [14] and the organic fraction of municipal solid waste [15], due to their
high carbohydrate availability. The best results, in terms of H2 yield, were obtained from
substrates rich in oligosaccharides and monosaccharides [13,14]. An innovative biologi-
cal two-phase technology, referred to as BIH2 technology (Biorenova S.p.A., Montorio al
Vomano, Italy), has been developed. The technology was patented (Patent Cooperation
Treaty, 2017) under the Italian Publication Number IT102020000013006 and undergoing
international extension PCT/EP2021/063588. BiH2 is an integrated technology aiming at
the production of gaseous H2 and valuable fermentation co-products and the conversion
of CO2 to cell biomass and organic acids. The technology is based on two distinct and
complementary phases: Phase1 (P1) is a dark fermentation process, using sucrose as the
carbon source, performed by Clostridium beijerinckii DSM34075 strain, which produces H2
and CO2 and high-value co-products such as organic acids and peptides in the exhausted
broth; Phase2 (P2) is a biological process converting CO2 produced from P1 to organic
acids with the use of acetogenic bacteria thanks to the Wood–Ljungdahl pathway. At the
end of the BiH2 process, an output of pure 100% gaseous hydrogen is obtained as well as
high-value co-products and biomass from both phases. Dark fermentation seems to be
an important sustainable process in the synthesis of valuable chemical compounds (an
alternatively to the petrochemical refinery) [10]. For this reason, the developed process fully
fits into the concept of biorefinery, in addition to representing a sustainable alternative to
petrochemicals-based technology and fossil resources consumption. Moreover, the recent
EU goals defined in the “Farm to Fork” strategy include a reduction of 50% chemical
pesticides, 20% fertilizers and 50% nutrient losses by 2030 [16]; further, recent policies
invite improvements to soil management and the efficient use of nutrients in agriculture
by exploiting wastes and biomass locally, as planned in the Circular Economy Action
Plan and the Bioeconomy Strategy [17,18] (EU Commission, 2012–2020). In this study,
we characterized the composition of the exhausted fermentation broth derived from the
BiH2 technology—Phase 1, the dark fermentation process (P1)—and tested its possible
application in the agriculture sector as a plant biostimulant. The fermented broth was used
via foliar application in an intensive apple orchard, evaluating seasonal shoot and fruit
growth and studying fruit quality parameters at commercial harvest.
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2. Materials and Methods
2.1. Exhausted Fermentation Broth Obtained in the H2 Production Process According to the
BIH2 Technology

The broth used in this study was obtained after a fermentation process by C. beijerinckii
DSM34075. Freeze-dried cells were used to inoculate 20 mL reinforced clostridial medium
(RCM) flasks, a commercial broth ideal for cultivation and enumeration of clostridia [19].
Inoculum was cultured anaerobically at 36 ◦C for 24 h. The cells were then harvested
by centrifugation at 10,000 rpm for 8 min (SL 16 R, Thermo Fisher, Waltham, MA, USA)
and resuspended in 20 mL of 0.9% NaCl (w/v). Suspended cells were used to inoculate
a 4 L bioreactor (Solaris Biotechnology, Porto Mantovano, Italy) containing 2 L mineral
medium with sucrose as the carbon source (Patent IT102020000013006), until a cell density
of 2.0 g L−1 has been reached. The bioreactor was equipped with pH, E.C. (Electrical
Conductibility) and dO2 sensors, total cell density meter Model Dencytee Total Cell Density
sensor (Hamilton Company, Reno, NV, USA) and all the necessary inlets/outlets for pH
control, pressure measurement, liquid sampling and N2 entry. The inoculated medium was
fluxed with filtered N2 until the value of dO2 was 0%. Temperature and stirring were kept
at 37 ◦C and 500 rpm, respectively, and pH was maintained at 6.0 using NaOH 1 M. The
fermentation was conducted in fed-batch conditions and the exhausted fermented broth
was periodically collected during the steady state periods, chilled to 2 ◦C and stored at this
temperature until use, which was accomplished within a couple of days.

2.2. Chemical Broth Characterization

The organic compounds present in the BiH2-exhausted fermentation broth (BEFB)
have been characterized using LC-SACI–MS [19]. The analysis was performed using
an Ultimate 3000 HPLC (Thermo Fisher, USA) equipped with a Thermo Hypersil GOLD
50 mm × 4.6 mm column. The analyses were performed using a two-phase gradient: Phase
A was 0.2% formic acid in water and Phase B was acetonitrile (CH3CN). Data acquisition
was performed with “SANIST” mass spectrometer equipped with an ESI. A nebulizer
gas pressure of 30 Psi was used, with a dry gas flow rate of 9.0 L/min. The nebulizer
temperature and the dry gas temperature were both 300 ◦C. The spectrum was acquired
in data-dependent scan mode. The raw data were processed in Compound Discoverer
3.1 (CD3.1, Thermo Fisher) for peak alignment, peak picking and quantitation of each
metabolite. Peak intensities normalized by total spectral intensity were used to predict
the molecular formula based on additive ions, molecular ion peaks and fragment ions.
Databases, including mzCloud (https://www.mzcloud.org/; accessed on 7 May 2023),
mzVault and MassList, were used to obtain accurate qualitative and relative quantitative
results matched with peaks [20].

Additional chemical analyses were performed on BEFB to quantify the amount of
major inorganic ions and heavy metals to ensure safe use in agriculture. Total organic
Carbon (TOC) was determined with the UNI EN 1484:1999 technique; total Nitrogen
was estimated with the UNI 11658:2016 method; NH4, NO3, HNO2, PO4, SO4 and Cl
were determined following ISO15923-1:2013 protocols; and heavy metals were determined
through UNI EN 13657:2004 + UNI EN ISO 11885:2009 methods.

2.3. Experimental Trial in the Orchard

The trial took place at the experimental farm of the University of Bologna, located
in Cadriano (Bologna, Italy) (44◦32′54.1′′ N and 11◦24′53.0′′ W; 32 m elevation), in an
experimental apple orchard (Malus domestica L., cv. Fuji) grafted on M9, in season 2022.
The orchard was planted in 2018 on a silty clay loam soil consisting of 4 rows (60 trees in
each row). Trees were spaced 3.3 m × 1.0 m with a north–south orientation and trained as
slender spindles. Since its plantation, the orchard management followed integrated pest
management (IPM) protocols and trees were watered and fertirrigated as needed. Full
bloom date was 12 April 2022. Two different application doses of the exhausted broth
were used and labeled as BEFB1 and BEFB2, corresponding to 100 mL L−1 and 10 mL L−1

https://www.mzcloud.org/
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of BiH2-exhausted broth for BEFB1 and BEFB2, respectively, both diluted in water; the
control treatment was labeled as CTRL and received only water. Foliar application trial
was performed from 1 June 2022 (50 DAFB, i.e., days after full blooming) to 24 August 2022
(125 DAFB), spraying BEFB1 and BEFB2 with a backpack pump on correspondent blocks of
trees every 15 days; overall, 6 treatments were conducted. Biometric measurements were
carried out before BEFB application and each day before spraying application at 49, 64, 79,
94, 109 and 124 DAFB (corresponding to T0, T1, T2, T3, T4, T5 and T6). Before starting the
foliar application trial, 108 fruits and 108 shoots (4 fruits and 4 shoot for each tree) were
labeled to evaluate the effect of BEFB1 and BEFB2 on allometry parameters.

Treatments (BEFB1, BEFB2 and CTRL) were assigned according to a randomized
blocks design with three replicates (i.e., three trees) for each of the three blocks. Each block
was selected in the same three parallel row, with a distance among the blocks of 15 trees
(15 m); in each of the three rows inside each block, the three treatments were randomly
arranged with a total of 9 trees per block (3 replicates treatment−1 block−1).

2.4. Fruit Quality Assessments

At commercial harvest, all fruits from each tree were calipered and counted and the
crop load per each single plant was calculated. The main fruit quality parameters (fresh
weight, fruit diameter, dry matter, firmness, soluble solid content) and the three classical
parameters for skin fruit color, i.e., color lightness (L), chroma (a*) and chroma (b*), were
assessed on 45 fruits per treatment at commercial harvest. Colorimetric analyses were
performed using a Minolta CR-400 apparatus (Konica Minolta Sensing Americas, Inc.,
Ramsey, NJ, USA), “L” showing the lightness, “a” showing the shades from the green
(negative value) to the red (positive value) and “b” showing the shades from the blue
(negative value) to the yellow (positive value). Fruit firmness was assessed thanks to
the 53220 FTA Fruit Texture Analyser (T.R. Turoni srl, Forlì, Italy). Soluble solids content
was determined by a digital Brix Refractometer, Model PAL-1 (ATAGO Co., Ltd., Tokyo,
Japan). Fruit dry matter content was determined on fruit slices which were dried at 65 ◦C
for several days and weighted with a precision Mettler scale, Model PE3600 (METTLER
TOLEDO LLC, Columbus, OH, USA). DA index, a fruit non-destructive ripeness index,
was measured by a DA meter, Model 53500 (T.R. Turoni srl, Italy). The same fruits analyzed
for fruit quality were checked for macro-micronutrients and heavy metals concentration.
Briefly, Ca, Cl, K, Mg, N, Na, P, S, Fe, were determined by Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES, Ametek Spectro Arcos EOP, Kleve, Germany),
after digestion with nitric acid (HNO3) by a microwave lab station (Ethos TC-Milestone,
Bergamo, Italy), while N was determined by the Kjeldahl method.

2.5. Statistical Analysis

Fruit growth was analyzed using a linear mixed model function. Fruit mineral con-
centration, fruit yield and quality data were compared among treatments using a one-way
ANOVA analysis followed by a Tukey HSD test. Statistical significance was established
for p < 0.05. Analyses were carried out using R software (www.rproject.org, accessed on
10 May 2023) code.

3. Results and Discussion
3.1. Exhausted Broth Characterization

The presence and amount of potential active compound in BEFB was studied via
a metabolomic analysis by LC-SACI–MS. The 15 major peaks were characterized, and
the abundance of the relative compounds is presented in Table 1. Peak areas of standard
compounds for the 15 metabolites identified (Table 1) by LC-SACI–MS were calculated
for comparison. The most abundant metabolites detected by LC-SACI–MS, following the
fermentation process, were organic acids; in particular, formic acid (89.5 g L−1), butyric
acid (7.45 g L−1) and butanedioic acid (3.58 g L−1). Organic acids are typical metabolites
in dark fermentation processes as described by different authors [21,22]. Clostridium spp.

www.rproject.org
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Has been demonstrated to be able to produce organic acids due to mixed acids pathways;
sugars can be converted to H2, CO2, formate, butyrate and acetate [23]. Furthermore
LC-SACI–MS analyses showed the presence of several different peptides at relative lower
abundance; in particular Trp-Glu-Lys (3.12 g L−1), Ile-Pro-Ile (2.11 g L−1), Phe-Pro-Lys
(2.03 g L−1) and His-Pro (0.80 g L−1). Peptides are produced during fermentation through
microbial metabolism [24], and different studies have shown how peptides application has
biostimulant effects on plants [25]. In fact, it has been demonstrated that the application of
low-molecular-weight peptides has a positive effect on tomato root dry weight and root
length [26], promotes vegetative growth and yield in several fruit trees [27], prevents dam-
ages from abiotic stresses such as thermal stress [28,29] and improves fruit quality [30,31].
Quantitative analyses on the main inorganic ions and heavy metals were also carried out
on BEFB (Table 2); heavy metals were not detected at all, macroelements including nitrogen
(N-NO3 1.20 mg L−1; N-NH4 562 mg L−1), phosphorus (PO4 343 mg L−1) and potassium
(K 280 mg L−1) have been measured at values compatible with use in agriculture.

Table 1. LC-SACI–MS quantitative analyses on BEFB.

Compound Formula m/z * Concentration (g L−1)

Glycan 3′-Galactosyllactose C18H32O16 527.1 2.20 ± 0.31
His-Pro C11H16N4O3 235.1 0.80 ± 0.78
Trolox C14H18O4 250.8 3.11 ± 0.14

Phe-Pro-Lys C20H30N4O4 244.1 2.03 ± 0.21
Trp-Glu-Lys C22H31N5O6 462.1 3.12 ± 0.34

3-[N,N-Bis(2-hydroxyethyl)amino]-2-hydroxypropanesulfonic acid C7H17NO6S 730.2 4.98 ± 0.23
Ile-Pro-Ile C17H31N3O4 552.2 2.11 ± 0.16

2-Naphtyl-D-alanine C13H13NO2 197.4 12.8 ± 1.25
2′-Deoxyadenosine 5′-monophosphate C10H14N5O6P 177.8 1.87 ± 0.14

CAY10410 C20H30O3 299.4 15.5 ± 1.75
Butanedioic acid, 2-(4,4-dimethyl-2-methylenepentyl) C12H20O4 227.4 3.58 ± 0.26

13(S)-HpODE C18H32O4 294.0 5.21 ± 0.41
Formic Acid Cluster CH2O2 46.03 89.5 ± 2.87

Butyric acid C4H8O2 88.11 7.45 ± 0.31

* Mass-to-charge ratio.

Table 2. Chemical analyses on inorganic fraction.

Chemical Parameters Concentration (mg L−1)

Total organic Carbon (TOC) 10,565
Cl 134.8

SO4 180.9
PO4 342.7

N-NH4 562.2
HNO2 1.58
N-NO3 1.20
NTOT 1090

Fe 0.36
As n.d. *
Cd n.d. *
Ca <50
Cr n.d. *
Ni n.d. *
Mg <50
Hg n.d. *
Pb n.d. *
K 280.6

Cu n.d. *
Na 1534
Zn n.d. *

n.d. *: not detected.
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3.2. Experimental Trial in the Orchard and Fruit Quality

Analyses on fruit quality parameters have been carried out at the commercial harvest
of the fruits. A total of 45 fruits for each treatment plus the control were analyzed for the dif-
ferent quality parameters, as shown in Table 3. Trees treated with BEFB (BEFB1 and BEFB2)
show significantly (p < 0.05) higher mean fruit weight compared to the untreated trees
(BEFB1 212 g, BEFB2 215 g, CTRL 201 g), probably due to the presence of low-molecular-
weight peptides in BEFB that increase fruit weight, as demonstrated in previous studies [32].
Moreover, an auxin-like activity of low-molecular-weight-peptide-based products has been
reported by different authors, probably determined by the tryptophan content in peptides
that is the main precursor for the indoleacetic acid auxin in plants [33]. Indeed, it has
already been proven that auxins stimulate root growth and apical dominance, delay fruit
ripening, stimulate fruit development and the growth of flowering parts and stimulate the
stem and cell elongation rate [34–36]. No statistical differences were recorded among the
treatments for fruit firmness, diameter and yield (Table 3). Even the seasonal pattern of
fruit growth was not statistically different among treatments, although BEFB1 trees showed
slightly reduced values in fruit diameter in the last part of the season compared to BEFB2
and CTRL (Figure 1). The percentage of dry matter measured on fruits treated with BEFB1
was statistically higher (p < 0.05) than the control and BEFB2 (BEFB1, 40.1%; BEFB2, 32.1%;
CTRL, 30.1%, respectively); the higher concentration of low-molecular-weight polypep-
tides and organic acids in BEFB1 compared to BEFB2 probably influenced this higher
accumulation of dry matter in BEFB1 compared to BEFB2. The effect of polypeptides on
dry matter percentage have already been investigated in previous studies [27,37]. Soluble
solids content (◦Brix) in both BEFB treatments were significantly lower (p < 0.05) than
the control (BEFB1, 14; BEFB2, 19.9; CTR, 14.4, respectively). Moreover, DA index mean
value was higher in both BEFB treatments (BEFB1, 1.1; BEFB2, 1.06; CTRL, 0.98) indicating
a ripening delay of the fruit. The decrease in soluble solids content in the fruit is due
to a slight delay in fruit ripening as evidenced by higher DA index values. This effect
is due to the presence within the BEFB of NO3

− and NH4
+, as detected by the chemical

characterization analyses which favored the vegetative development of the plants (data
not shown) at the expense of fruit growth, which was indeed slightly reduced in BEFB1
(Figure 1). furthermore, an auxin-like activity of BEFB1 and BEFB2 may have contributed to
a delay in fruit ripening. The ripening delay was also confirmed by the significantly lower
values in a* and b* background color compared to the CTRL. In particular, BEFB1 showed
lower values in the background redness–greenness component (a*), while BEFB2 had lower
values in yellowness–blueness component (b*). As for the surface color, no differences were
detected among the treatments (Table 4 and Figure 2).
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Table 3. Effect of the BEFB treatment on fruit quality parameters: diameter, weight, SSC, DA index,
dry matter, flesh firmness and yield.

Treatment Diameter
(mm)

Weight
(g)

SSC
◦Brix DA-Index Dry Matter

(%)
Firmness
(kg cm−2)

Yield
(kg Tree−1)

CTRL 78.2 201 b 14.4 a 0.98 b 30.3 b 3.57 15.1

BEFB1 78.4 212 a 14.0 b 1.10 a 40.1 a 3.48 14.3

BEFB2 78.7 215 a 13.9 b 1.06 a 32.1 b 3.55 16.7

Significance ns * * *** *** ns ns

ns, * and ***: effect not significant or significant at p≤ 0.05, and p≤ 0.001, respectively. Within the same parameters,
means followed in column by the same letter are not statistically different.

Table 4. Effect of the BEFB treatment on fruit skin lightness (L*), a* and b* in over and back-
ground color.

Treatment L* (Sun) a* (Sun) b* (Sun) L* (Shade) a* (Shade) b* (Shade)

CTRL 50.6 21.7 19.7 69.5 −7.01 a 34.5 ab
BEFB1 50.0 21.6 18.6 70.6 −9.92 b 34.7 a
BEFB2 51.1 20.7 18.8 69.4 −7.43 ab 33.0 b

Significance ns ns ns ns * *
ns and *: effect not significant or significant at p ≤ 0.05 respectively. Within the same parameters, means
followed in column by the same letter are not statistically different. (L* indicates skin lightness (black = 0; while
white = 100) level; a* indicates redness–greenness component (red = 100; while green = −100) and b* indicates
yellowness–blueness (yellow = 100; while blue = −100) component.
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Figure 2. Over (white symbol) and background (grey symbol) colors representation for BEFB1 (circle
symbol), BEFB2 (triangle symbol) and CTRL (square symbol).

The same fruits were analyzed for macro and micronutrients concentration, and the
results are expressed in Table 5. No particular differences were found among the treatments
except for Fe, which was found in BEFB2 (18.1 µg g−1) in significantly higher (p < 0.05)
quantities compared to untreated plants (9.75 µg g−1) and BEFB1 (9.20 µg g−1). The
effect of organic acids contained in BEFB—in particular, formic acid—likely improved
iron absorption as previously demonstrated by other authors [38]. As for Na, the BEFB
treatments showed higher concentrations compared to the control (Table 5). This is likely
related to the high concentration of Na in the broth (Table 5). Indeed, the more concentrated
treatment (BEFB1) had the highest fruit Na values, followed by BEFB2 (ten times lower)
and then by the control (Table 5). Furthermore, as concerns leaves, no phytotoxic symptoms
were detected upon both BEFB1 and BEFB2 treatment.
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Table 5. Effect of the BEFB application on fruit macro and micronutrient concentration.

Treatment Ca
(mg g−1)

Cl
(mg g−1)

K
(mg g−1)

Mg
(mg g−1)

N
(mg g−1)

Na
(mg g−1)

P
(mg g−1)

S
(mg g−1)

Fe
(µg g−1)

CTRL 0.31 0.32 4.73 a 0.26 2.35 0.11 b 1.00 0.17 9.75 b
BEFB1 0.33 0.57 4.38 b 0.30 2.49 0.14 a 1.06 0.18 10.2 b
BEFB2 0.35 0.38 4.33 b 0.26 2.66 0.12 ab 1.04 0.17 18.1 a

Significance ns ns * ns ns * ns ns *

ns and *: not significant or significant at p ≤ 0.05, respectively. Per each element, means followed by the same
letter are not statistically different.

4. Conclusions

In this study, an exhausted fermentation broth (BEFB), coming from a dark fermenta-
tion process via a C. beijerinckii strain and aimed at the production of biohydrogen, was
used at two different concentrations as a biostimulant on apple trees with a foliar applica-
tion. The broth contained a good amount of low-molecular-weight peptides (Trp-Glu-Lys,
Ile-Pro-Ile, Phe-Pro-Lys, His-Pro) and organic acids (formic acid, butyric acid, butanedioic
acids). The application determined significantly higher mean fruit weight and soluble
solids content compared to the untreated trees, regardless of the concentration of the broth,
and probably because of the presence of peptides. Moreover, the fruit DA index was higher
in both BEFB treatments, and a decreased soluble solids content was observed, indicating a
slight delay in fruit ripening. No phytotoxic effects on leaves and chemical risks due to
heavy metals in the fruit were highlighted in this study. This preliminary study shows a
biostimulating effect of BEFB, which is a valuable by-product. Therefore, the whole process
fits the biorefinery concept and is fully in accordance with the recent EU goals defined in the
Farm to Fork strategy, the Circular Economy Action Plan and the Bioeconomy Strategy (EU
Commission, 2012–2020). Further studies are needed to evaluate the ideal application dose,
identify further action targets and implement appropriate strategies for the concentration
of the biostimulants active compounds.

5. Patents

BIH2 technology has been patented (Patent Cooperation Treaty, 2017) under the
Italian Publication Number IT102020000013006 (Ufficio Italiano Brevetti), applied for
PCT/EP2021/063588.
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