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Abstract

Aims Coffee silverskin (CS) is the most abun-
dant waste from coffee roasting. In this research, the
potential of CS as soil fertilizer for barley (Hordeum
vulgare L.) cultivation was evaluated.

Methods Barley plants were grown, for 10 days
from the start of germination, in soils mixed with dif-
ferent CS percentages (0, 2, 6 or 10%). The effects of
CS addition on soil capacity to retain water and on
the mold/yeast community were evaluated. Physio-
morphological and biochemical responses of leaves
and roots of barley plants growing in CS-enriched
soil were evaluated.

Results Root and shoot length decreased in plants
grown with CS, but biomass was less affected and even
increased at 2% CS. Photosynthesis was higher in bar-
ley seedlings grown on CS-enriched soil than in control
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plants. However, Chl b was reduced in leaves of plants
grown with CS. The total leaf protein content did not
change with moderate CS additions in soil. How-
ever, when grown in soil with 10% CS, a significant
reduction of total protein and Rubisco was observed.
Extracts of barley shoots from plants grown in soil
with 10% CS showed a greater antioxidant capacity
with respect to all other experimental conditions.
Conclusions We conclude that CS addition to soil
may improve soil property to retain water and, at low
concentrations (2% w/w) positively affects barley
physiology and growth.

Keywords Barley - Coffee - Fertilizers -
Photosynthesis - Silverskin - Soil water content

Introduction

After tea, coffee represents the 2nd most popu-
lar beverage in the world, with approximately 500
billion cups being consumed worldwide annu-
ally (Ludwig et al. 2014). Global coffee production
reached 168.5 million bags in the year 2021/2022;
it is expected to increase to 171.3 million bags in
2022/2023 (ICO 2023). Most of the world’s coffee is
produced by South America, especially Brazil. How-
ever, other countries such as Vietnam, Colombia,
Indonesia, Ethiopia, India and Uganda significantly
contribute to the world production of coffee (Bessada
et al. 2018).
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The coffee beverage is obtained after roasting
green coffee beans. During this technological phase,
the silver-colored thin tegument that covers and pro-
tects the outer layer of beans (Coffee Silverskin - CS)
is removed and discarded. CS is 4.2% (w/w) of seed
total weight representing the unique by-product dis-
carded after coffee roasting (Martuscelli et al. 2021;
Toschi et al. 2014). At the moment, CS has no com-
mercial value, and is discarded as a solid and volu-
minous waste. CS transformation into valuable prod-
ucts, or its utilization in different industrial sectors,
however, is becoming very attractive (Overturf et al.
2021). CS composition has been physically character-
ized and chemically analyzed (Hejna 2021; Lorbeer
et al. 2022) also based on the geographical origins
of coffee (Bessada et al. 2018). CS contains a high
amount of fiber (60-80%), low fat (1.6-3.3%), pro-
teins (19%) and minerals (8% ash). Due to the high
content of dietary fiber, the composition of the fiber
was investigated in more detail (Hejna 2021; Lorbeer
et al. 2022), resulting ~90% insoluble and only 10%
soluble (Borrelli et al. 2004; Costa et al. 2018; Jimé-
nez-Zamora et al. 2015). CS is also rich of phenolic
compounds mainly chlorogenic acids (CGA) (1-6%),
caffeine (0.8-1.25%) and melanoidins (17-23%).
Based on its chemical composition and bioactivity,
CS has been extensively proposed as a food ingredi-
ent (Lorbeer et al. 2022; Nolasco et al. 2022). Coffee
phenolics, in particular, have attracted much interest
in recent years due to their strong antioxidant and
metal-chelating properties (Pourfarzad et al. 2013).

As a case-study plant, barley (Hordeum vulgare
L.) was chosen. Barley is a main C3 cereal as dis-
tribution area, and an important food source (Araus
et al. 2002) The European Union is the world’s lead-
ing producer of barley, with an annual production of
52.75 million tons of seeds; in the years 2021/2022
world barley production was 147.05 million tons
(Lukinac and Juki¢ 2022). While in the last century
barley was mainly cultivated and used as human food,
it is now used for about 60% as animal feed, 30% for
malt production in the beer industry, 7% to produce
seeds, and only 3% as human food (Baik and Ullrich
2008; Daneri-Castro et al. 2016).

The use of fertilizers containing nitrogen, phospho-
rus and potassium is considered essential to increase
yields of barley and other grasses (Al-Zubade et al.
2021). While the application of chemical fertiliz-
ers has improved agricultural yields in response to
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growing demand, inefficient and inappropriate fertili-
zation practices have led to multi-pronged problems
such as degradation of soil quality, groundwater con-
tamination, loss of biodiversity, decrease in soil fer-
tility, development of pest resistances, acidification
problems, and other potential agriculture-based pollu-
tion episodes (Jiang et al. 2020; Srivastav et al. 2020;
Zhang et al. 2022). To cope with these problems,
the European Commission has launched the Farm to
Fork strategy of the Horizon Europe program, aim-
ing to reduce by 2030 the use of chemical fertilizers
(— 20%) and of pesticides (— 50%) (European Com-
mission 2020). To help achieve this objective, cur-
rent efforts aim to significantly reduce the use of syn-
thetic agrochemicals and to adopt circular production
approaches for the valorization of industrial waste.
Indeed, the increase in the human population, the
reduction of cultivable lands and the climate warming
crisis have all arisen the need to develop new agricul-
tural practices with low environmental impact while
sustaining crop yield. In this scenario organic ferti-
lizers or biostimulants are promoted to improve plant
growth, performances under abiotic stress, fruit set,
crop productivity, and nutrient use efficiency, all in
an environmentally sustainable way (Francesca et al.
2022; Rouphael and Colla 2020). The high macro and
micro-nutrient contents of CS, make it an attractive
resource as horticultural fertilizer (Picca et al. 2023).

The aim of this research was to evaluate CS suit-
ability as a fertilizer for barley plants. We specifi-
cally evaluated the suitability of CS as a biofertilizer
applied to the soil by determining its effects on soil
properties, as well as growth and the development of
barley plants, leaf protein contents, antioxidant capac-
ity in shoot extracts, and functionality of the photo-
synthetic apparatus.

Materials and methods
Coffee Silverskin

The CS from Coffea arabica (var. Uganda) was col-
lected from the coffee processing plant of Caffe Cor-
tese S.r.l. located in Acerra (NA). The CS was tested
negative for mold and yeast on Rose-Bengal selective
agar medium. Inoculated plates were incubated in an
upright position at 25 °C+1 °C for 5 d. The CS was
then ground at 10,200 rpm for 1 min (Bimby mod.
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TM 5, Vorwerk, Germany) until reaching a particle
size of 250-125 pm. The obtained CS powder was
mixed at different percentages (see below) to the soil
used for barley cultivations.

Treatments and soil properties

For the experiment the commercial soil DORATER
by VIGOR PLANT (pH 5.8-6.8; 0.25-0.35 dS
m~! electrical conductivity; 89% soil porosity) was
used. Barley seedlings were grown on four different
soil conditions: 1) Control (Ctrl): soil not enriched
with CS; 2) Soil enriched with 2% CS w/w; 3) Soil
enriched with 6% CS w/w; 4) Soil enriched with 10%
CS w/w. The addition of CS doesn’t significantly
affect the pH of the soil.

To assess possible effect of CS on soil water reten-
tion capacity, plastic pots (100 g of soil) were brought
to field capacity (FC, g of water/g of soil) by immerg-
ing them in water for ~10 min and were weighed after
water drainage ending. The water-saturated pots were
then dried for 10 d at room temperature and weighed
periodically. The reduction of pot weights was used to
calculate the water losses over time. The weight dif-
ference between water-saturated and 10 d-dried soil
was taken as water field capacity (WFC). The soil
water loss in the different conditions was expressed
as a percentage, which allowed us to standardize the
starting point and to be able to compare the loss of
water more adequately over time.

Plant material and growth conditions

Seeds of barley (Hordeum vulgare L. var. Alfeo) were
supplied by the Istituto Sperimentale per la Cere-
alicoltura, Fiorenzuola D’Arda, Italy). Seeds were
soaked for 2 h in calcium sulphate (2 mM CaSO,) to
initiate germination in absence of pathogens. Seeds
germinated after 3-5 d in the dark on moistened dis-
tilled water Whatman Paper Circles, 32 mm, in plas-
tic Petri dishes (Carfagna et al. 2011). After germina-
tion, the seedlings were placed in the plastic pots, as
described earlier. Plants were grown in lab condition
(from September 2022 until June 2023) at a tempera-
ture of 25+2 °C and a photoperiod of 16/8 hours
with a photosynthetic active radiation (PAR) of
50-120 pmol m~2 s~! during daylight. The seed-
lings were regularly watered every 2 d with 20 mL of

water. All measurements were carried out on 10-d-old
seedlings.

Phenotypic (growth) measurements

Fresh weight of entire plants, and of their above-
ground and belowground parts was measured using
an accurate balance (Mettler Toledo AL54 Analytical
Balance, 51 gx0.1 Mg, 120 V). The roots were accu-
rately cleaned from the soil with water before being
weighed. Root and shoot lengths were measured with
a digital caliper (Vodlbov Digital Vernier Caliper
0-150 mm).

Chlorophyll contents

The chlorophyll a (Chl-a) and chlorophyll » (Chl-b)
contents were estimated spectrophotometrically using
N,N-dimethylformamide as a solvent according to
(Salbitani et al. 2021). Pigments were extracted in the
dark at 4 °C for about 24 h.

Fluorescence parameters measurement

Chlorophyll fluorescence was measured in vivo on
whole barley seedlings with an IMAGING-PAM
M-Series Chlorophyll Fluorometer (Walz). Plants
were kept in the dark for a period of 30 min before
analysis. After dark adaptation, the maximal quantum
efficiency of PSII in the dark (Fv/fm, where Fv is the
variable and Fm is the maximal fluorescence in dark-
adapted organisms) was evaluated, and the plants
were then exposed to actinic light (AL). AL was
increased between 1 and 700 pmol photons m™2 s~}
of PAR at 20 s-long steps, to measure light responses.
The parameters measured at each step of the light
response were: 1) the effective quantum efficiency of
PSII (®PSII). ®PSII=(Fm'— Fs)/fm', where: Fm' is
light-adapted maximum fluorescence and F's is the
light-adapted steady-state fluorescence; 2) the elec-
tron transport rate of PSII (ETR). ETR =®PSII X
PAR % 0.84x0.5 where the two numeric coefficients
correct for light absorbance and the partitioning of
light between the two photosystems, respectively:
3) the non-photochemical energy loss (quenching)
of PSII largely corresponding to the light-dependent
heat dissipation quantum efficiency of PSII (NPQ).
NPQ = Fs/fm' — Fs/fm.
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Total leaf protein determination

Leaf protein contents were measured following the
method described by Bradford (Bradford 1976). For
protein extractions, 1 g of leaf was pulverized in
a cold mortar by adding liquid nitrogen and 2 mL
of cold extraction buffer (50 mM phosphate buffer
pH 7.5). The homogenate was centrifuged at 12,000 x
g for 15 min at 4 °C and the supernatant was used as
an extract for protein content measurement. Total pro-
tein content was determined spectrophotometrically
using Bradford - Solution for Protein Determina-
tion (AppliChem). The absorbance was measured at
595 nm. The calibration was made with bovine serum
albumin (from 5 to 20 pg of BSA).

Detection of rubisco large sub-unit

Leaf tissues were homogenized using a cold mortar
and pestle in the extraction buffer (Tris-HCl 50 mM
pH. 7.5). The homogenates were centrifuged at
15,000xg at 4 °C for 15 min, and the supernatant
was collected as a total protein extract. Equal pro-
tein loads (20 pg) were separated by 12.0% SDS-
PAGE. Gels were stained by Comassie Brilliant Blue
R-250 and the Large Sub-Unit of Rubisco (LSU)
was marked in SDS-PAGE on the basis of molecular
weight using molecular weight markers (BLUItra Pre-
stained Protein Ladder, GeneDirex®). The molecular
weight of the LSU band was determined previously
(Tantray et al. 2020). Gel images were acquired using
an Image Scanner (Brother MFC-J497DW). Digitized
gel images were analyzed using the Imagel software,
to precisely measure LSU band area. Quantitative
results were expressed as area % + SD.

ABTS assay for the antioxidant capacity

The same extract used for determining total proteins
(described in the previous section) was also used
to determine antioxidant activity according to the
method of (Re et al. 1999). This method is based on
the decolorization of ABTS [2,29-azinobis-(3-ethylb-
enzothiazoline-6-sulfonic acid)] following reduction
of the radical cation, which was measured at 734 nm
as a percent inhibition ((A0-A1)/A0X 100, where AO
is the absorbance of the positive control and Al is the

@ Springer

absorbance of the sample). Ascorbic acid (Asa) was
used as a standard antioxidant, at different concentra-
tions (0-20 pM).

Analysis of fungi and yeasts in soil samples

At the end of the cultivation (10 days), a portion
of soil was harvested from the pots, to test whether
molds (fungi) and yeasts were potentially associated
with the growth of plants with incremental percent-
ages of CS. After isolation on Rose-Bengal selective
agar culture medium by subculture of the microor-
ganisms present in the test samples, DNA extraction
was performed to amplify and subsequently sequence
fungal genomes, targeting fungal 18S rRNA gene.
Directly starting from the fungal colony, 2 g of myce-
lium from Rose-Bengal selective agar plates were
aliquoted and centrifuged to recover DNA from the
supernatant (Carraturo et al. 2018; Policastro et al.
2021). The supernatant was transferred into sterile
2 mL tubes containing 500 mg glass beads. CTAB
extraction protocol (Corniello et al. 2022; Doyle
1991) was carried out to recover fungal DNA. The
DNA samples were amplified with PCR, using a
TECHNE Prime Thermal Cycler, for the characteriza-
tion of fungi, employing ITS1 forward (5'-GGA AGT
AAA AGT CGT AAC AAG G-3' 5°-TCC GTA GGT
GAA CCT GCG G-3') and ITS4 reverse (5'-TCC
TCC GCT TAT TGA TAT GC-3') primers (Biofab
Research, Rome, Italy) complementary to ITS-5.8S
rDNA region of the fungal 18S rRNA gene (700 bp)
(Korabec¢na et al. 2003). Sequencing reactions were
performed by an external service (Biofab Research,
Rome, Italy); results were then interpreted using an
editing tool, Chromas Lite v. 2.6.6 (Technelysium Pty
Ltd., South Brisbane, Australia). The identification of
the isolates was conducted using BLASTN ver. 2.2.29
(also referring to GenBank), selecting the identity
holding the highest percentage of identity with a 95%
cut-off and a minimum e-value lower than e —460.

Statistical analysis

Data analyses were carried out using the Sigmaplot
14 software. Means + standard deviations, or regres-
sion curves and 95% confidence intervals of 3 or
more independent experiments are presented. Signifi-
cant differences (p <0.05) among the different growth
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condition were determined by one-way analysis of
variance (ANOVA) with post-hoc Tukey HSD Test.

Results
Soil field capacity and water loss

CS addition increased the grams of water for grams
of soil needed to reach FC (WFC) (Fig. 1). The WFC
was comparable in Ctrl and 2% CS soil (respec-
tively 1.06+0.03 and 1.12+0.01 g g~!) but sig-
nificantly higher in 6% (1.37+0.04 g g”') and 10%
(1.51+0.11 g g7 CS soils. A change in soil texture
was also observed, as soils with added CS appeared
lighter and more porous (Fig.1).

The water loss starting from water saturated-soils
and until the Ctrl soil reached the complete dehy-
dration (10 d) is shown in Fig. 2. Soil water con-
tent dropped significantly faster in Ctrl than in CS-
enriched soils, and, after 10 d, CS- enriched soil held
a growing percentage of water (23.07 +2.84% in 2%
CS, 31.82+1.20% in 6% CS, and 38.40+11% in 10%
CS. Water holding capacity of the CS-enriched soils
was statistically improved over the entire experimen-
tal time (0-10 d) as shown by significant differences
of regression curves and 95% confidence intervals
with respect to Ctrl.

WFC(gg™)

a
@

a
. -_-
0.9

Ctrl 2% 6% 10%

Fig. 1 Amount of water needed to bring soil to field capac-
ity (WFC) in the four different soils characterized by different
concentrations of CS. Symbols represent means 4+ SD (n=06).
Significant differences among the treatments were determined
by one-way ANOVA with post-hoc Tukey HSD Test, and
shown by different letters over the symbols (p<0.05). At the
bottom of the figure, pictures of the soil with different CS-
enrichment (Ctrl, 2%, 6% and 10% CS) are shown

Water loss (%)

Time (d)

Fig. 2 Water loss over the time of Ctrl soils and of soils
enriched with different concentrations of CS. The soil dehy-
dration was measured until the Ctrl soils was completely dry
(0% water) after 10 d. Completely dry soil is identified by the
red dashed line. Error bars represent SD (n=6). The solid and
dashed lines indicate the regression curve and 95% confidence
intervals, respectively, with colors reflecting the different con-
centrations of CS

Plant growth

Both shoot and root length were significantly
reduced in plants growing in soils enriched with 6%
and 10% CS with respect to Ctrl (Table 1). Whereas
seedlings cultivated on 2% CS showed a significant
decrease only in the root length (—40% with respect
to Ctrl). The shoot weight of seedlings grown with
6% and 10% CS was 30% and 45% less than in Ctrl,
respectively. On the other hand, the root weight
of plants grown with all CS-enriched soil was
higher than in Ctrl. The total weight of the plants
was not different in Ctrl and in plants grown with
6% and 10% CS. However, plants grown with 2%
CS showed a significantly higher weight than in all
other treatments.

Chlorophyll contents

The Chl a content did not undergo significant vari-
ations among treatments, whereas Chl b was sig-
nificantly lower in plants grown with 2%, 6% or
10% CS with respect to Ctrl. The Chl a/Chl b ratio
was significantly lower in plants grown with 6% or
10% CS than in Ctrl and plants grown with 2% SC
(Table 2).
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Table 1 Growth measurements of barley seedlings in Ctrl and CS-enriched (2%, 6% and 10%) soils

Root length (cm) Shoot length (cm) Root weight (g) Shoot weight (g) Plant weight (g)
Ctrl 11.74 + 3.89° 18.45 + 3.44° 0.11 + 0.04* 0.27 + 0.08* 0.38 + 0.10°
2% CS 721 +2.34° 20.5 + 1.93* 0.19 + 0.06° 0.28 + 0.07* 0.47 + 0.15*
6% CS 4.40 + 1.59° 16.05 +2.21° 0.18 = 0.09" 0.19 + 0.05° 0.37 +0.13°
10% CS 5.04 +2.82° 10.51 +2.95° 0.19 = 0.06" 0.15 + 0.04° 0.34 + 0.05°

Means of 15 plants + SD are shown. Significant differences among the conditions were determined by one-way ANOVA with post-
hoc Tukey HSD Test and different letters show differences significant at p <0.05

Table 2 Chlorophyll contents in barley leaves grown in con-
trol conditions (Ctrl) and in CS-enriched (2%, 6% and 10%)
soil

Chla Chl b Chl a/Chl b
(ng gFW™) (ng g FW™)

Ctrl 438.82 + 146.56* 129.10 + 30.00° 3.40 + 1.43

2% CS  441.66 + 125.84* 7821 +11.93° 565+ 1.82°

6% CS  447.05+68.23" 3024 +4.55 1478 +3.17°

10% CS  523.56 + 101.01*° 47.96 + 13.63°  11.91 + 3.2°

Chlorophyll-a (Chl a), chlorophyll-b (Chl b) and their ratio.
The values are means of 15 measurements in different plants
+ SD. Significant differences among the growing condition
were determined by one-way ANOVA with post-hoc Tukey
HSD Test and different letters show differences significant at
p<0.05

Fluorescence measurement

Chlorophyll fluorescence was used to assess in vivo
the photosynthetic efficiency of plants under the dif-
ferent experimental conditions. The maximal photo-
chemical efficiency in dark-adapted leaves (Fv/fm)
was not different in Ctrl, 2% and 10% CS plants. In
plants grown with 6% CS Fv/fm was significantly
lower than all other conditions, albeit such a minor
reduction did not indicate stress conditions (Fig. 3A).
Plants grown under CS-enriched soil showed higher
photochemical efficiency (®PSII, Fig. 3B), and elec-
tron transport rate (ETR, Fig. 3D), and lower non-
photochemical quenching (NPQ, Fig.3C) than Ctrl.

Rubisco LSU and protein contents

The amount of LSU of Rubisco decreased with
increasing CS in the soil. The reduction in the LSU
content with respect to Ctrl was 22, 31 and 38%
respectively for plants grown with 2%, 6%, and 10%
CS (Fig. 4).
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The total protein content in plants grown with
10% CS was significant lower (—37%) than in Ctrl.
Whereas, in plants grown with 2% and 6% CS there
was no significant reduction of leaf total proteins with
respect to controls (Fig. 4).

Antioxidant capacity

An increase in antioxidant capacity was recorded
only in extracts from barley leaves grown on 10%
CS. Whereas, growth on 2% and 6% CS yielded anti-
oxidant capacities similar to that observed in Ctrl
(Fig. 5).

Analysis of molds and yeasts in soil

The results (expressed as CFU/g) of the microbiologi-
cal analyses looking for molds and yeasts in soils with
incremental percentages of CS are showed in Table 3.
After 10 d of plant cultivation, no fungi and yeasts
were found in CS-enriched and Ctrl soils. Soil sam-
ples treated with increasing percentages of CS (2%,
6% and 10%) showed higher molds growth, especially
at 10% CS (250 CFU/g). Different molds were found,
depending on CS enrichment. In particular, Basipeto-
spora chlamydospora was isolated from 2% CS, Peni-
cillium oxalicum from 6% CS, and Aspergillus nidu-
lans, Basipetospora chlamydospora and Emericella
dentata from 10% CS-enriched soils.

Discussion

Today the reuse of waste products from agro-indus-
trial processes has become an important goal of sus-
tainable agriculture. The reason is twofold: to reduce
the amount of waste, and to transform wasteful prod-
ucts in beneficial resources. Coffee Silverskin (CS) is
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Fig. 3 Fluorescence parameters Fv/fm (panel A), ®PSII (B),
NPQ (C) and ETR (D) measured in vivo on barley seedlings
grown in control (Ctrl) and CS-enriched (2%, 6%, and 10%)
soils. Means and SD (n=10) are shown. Significant differ-

the most abundant coffee roasting waste. For coffee
producers, the management of this waste represents
a cost, and its storage is also a risk as CS is highly
flammable.

The objective of this research was to start evalu-
ating the potential of CS as an agricultural soil ferti-
lizer. Aspects concerning the soil, as well as growth,
physiology and nutritional aspects of barley plants
were considered. Coffee plants (roots, stems, leaves
and beans) as well as coffee processed products (typi-
cally, exhausted coffee powder) are often contami-
nated by fungal infections, which represents a prob-
lem in the management of coffee value chain and
processing (Pakshir et al. 2021; Viegas et al. 2017).
We therefore paid attention to start experiments with
uncontaminated CS from a variety of coffee (Uganda)
which turns out to be devoid of microbial infection.
However, different soil microbial communities were
stimulated depending on the concentration of CS

FPsII

ETR

02

0.0

50 -

40

30

20

. . . . . .
0 100 200 300 400 500 600 700
PAR

ences were determined by one-way ANOVA with post-hoc
Tukey HSD Test. In panel A, differences of means significant
at P<0.05 are shown by different letters. For the other panels,
a complete statistical analysis of data is shown in Table S1

added to the soil. Basipetospora chlamydospora,
predominantly found in 2% and 10% CS-enriched
soils. This strain belongs to the order Microascales,
in which it may represent a new genus (Barbosa et al.
2017), but still is a poorly studied fungus. Penicillium
oxalicum, which was found in 6% CS- enriched soil,
regulates the bioavailability of Pb in polluted soil (Xu
et al. 2022) by Pb immobilization and reduction of
the Pb exchangeable fraction (Hao et al. 2021; Long
et al. 2018) P. oxalicum was also characterized as a
Cr-tolerant microorganism, employed in bioreme-
diation technologies aimed at the removal of toxic
Cr(VI) by microbial reduction, which constitutes a
promising approach to mitigate the ecotoxicological
impact of Cr in the environment (Long et al. 2018). In
addition, P. oxalicum is able to solubilize phosphorus
by the secretion of organic acids containing oxalic,
malic, and citric acids (Wang et al. 2021). Finally,
Aspergillus nidulans and Emericella dentata were
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Fig.4 A. Analysis of Rubisco LSU in Ctrl leaves and in leaves
of plants grown with 2%, 6% or 10% CS. The area of Rubisco
LSU bands from SDS-page electrophoresis were analyzed by
Image J. In panel A, results from 3 LSU SDS-pages bands per
treatment are expressed as % of band area with respect to Ctrl
Rubisco (100%). Also shown are representative gels of the
LSU bands in the four treatments. In panel B, the total protein
contents were determined in extract from barley leaves. In both
panel means are shown together with SD (n=20). Differences
among means were determined by one-way ANOVA with post-
hoc Tukey HSD Test and significant differences (p <0.05) are
shown by different letters

found in 10% CS-enriched soil. According to (Chen
et al. 2016), these are the same organism, while (El-
Sayed et al. 2019) considers them different organisms
with taxonomical proximity and similar properties.
The filamentous fungus A. nidulans commonly lives
in the soil where it forms a hyphal network (Gerke
et al. 2022; Riquelme et al. 2018), produces second-
ary metabolites (Gerke et al. 2022) and represents
a suitable bio-sorbent for arsenic in contaminated
soil (Maheswari and Murugesan 2009). Aspergillus
nidulans, besides being one of the most abundant
molds isolated from soil environment, was demon-
strated surviving and handling Cd stress, through
the up-regulation of the crpA Cu®*/Cd** pump gene,
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Fig. 5 Antioxidant capacity (ABTS) of extracts from 10 d
leaves of barley. Means and+SD (n=10) are shown. Signifi-
cant differences among conditions were determined by One-
way ANOVA with post-hoc Tukey HSD Test

presumably depending on the metabolism of the AtfA
gene, the principal transcription factor responsible
of governing stress in this fungus (Emri et al. 2021).
Emericella dentata produces meleagrin, a metabo-
lite holding a potent in vitro cytotoxicity against the
human cervix carcinoma cell line KB-3-1 (Hamed
et al. 2021). While it is confirmed that enrichment
of soils with coffee wastes (CS in our case) stimu-
lates proliferation of soil microbial communities,
none of the molds detected in soil supplemented with
CS seems to have negative or toxic effects on plant
growth. CS rather seems to be colonized by fungal
species helping with the removal of soil contami-
nants and can be therefore considered as a substrate
of potential interest for bioremediation processes.

The impact of CS on the physical properties of
soils was also investigated. One of the main proper-
ties of a soil intended for agriculture is its field capac-
ity, which is the maximum water retention power.
Good field capacity ensures plants effortless and
prolonged water supply. Soluble fibers are known to
have water retaining properties (Bobkova et al. 2022;
Nolasco et al. 2022). About 8% of the CS is made of
soluble fibers (Borrelli et al. 2004; Costa et al. 2018;
Jiménez-Zamora et al. 2015), which means that we
enriched by ~1.6, 4.8 and 8 mg/g the soluble fibers
of soils containing 2%, 6%, and 10% CS, respectively.
This might have significantly implemented the capac-
ity of water retention by CS-enriched soils (Fig. 2)
improving water content at field capacity (Fig. 1).
However, when the ability to retain water over time
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Table 3 Results (expressed in CFU/g) of the microbiological analyses, and molecular identification of isolated molds and yeasts

species

Sample Molds and Yeasts Isolated Microorganism(s)

Total score Query  Identity [%] e-value Accession n®

concentration cover
[CFU/g] [%]
[\ 0 - - - - - -
Ctrl 0 - - - _ _ _
2% 40 Basipetospora chlamydospora CBS 1046 99 99.14 0.0 AB024046.1
228.84
6% 20 Penicillium oxalicum strain TGQMO1 1057 99 98.82 0.0 MK069498.1
Aspergillus nidulans isolate 44 935 100 100 0.0 MW228096.2
10% 250 Basipetospora chlamydospora CBS 1048 99 99.31 0.0 AB024046.1
228.84
Emericella dentata isolate SAMP 4 926 99 100 0.0 MK841482.1

Strains identification was performed employing Nucleotide Blast database

was evaluated, it emerged that CS-enriched soils
retain water longer than Ctrl soil. The soil that bet-
ter manages water loss is the one added with 2% CS,
as in this case FC was reached with the same amount
of water as in Ctrl, but water was retained better than
in Ctrl, over time. In a context of climate change
and increasing shortage of water for agriculture, the
use of moderate additions of CS may therefore help
improving water management in soils, and the effi-
ciency with which plants use this resource.

It is well known that the chemical and biological
properties of soil influence plant growth and develop-
ment. We have shown before that CS addition may
improve water retention in soils. High soil coloniza-
tion by microorganisms may also stimulate the release
of plant exudates such as sugars, organic acids, amino
acids or other components involved in the commu-
nication between roots and microorganisms (Prisa
2023). Microbial species can also influence plant
nutrition by helping the acquisition of nutrients from
soils (Prisa 2023).

Indeed, CS enrichment induced clear changes in
barley plant growth. Plants grown on 6% and 10%
CS were shorter both aboveground and belowground
and showed reduced shoot weight compared to Ctrl.
On the other hand, all plants grown with different CS
enrichment showed an increase in root weight com-
pared to Ctrl. Bashan and de-Bashan (2010) showed
that soil microorganisms can produce bioactive mol-
ecules, such as phytohormones able to improve root
thickening. Thus, the observed increased root weight
of plants growing in CS-enriched soil might be

related to the microbial stimulation. However, water
availability might also have induced shorter and ticker
roots with the same carbon investment otherwise ded-
icated to root elongation (Song et al. 2023). Interest-
ingly, plants grown at 2% CS did not show the inhibi-
tory effect on growth, except for a moderate reduction
of root length. These plants weighted more than all
other treatments at the end of the experiment which
may indicate such a moderate CS concentration as the
most effective to be used for fertilization purposes.
We investigated whether impairments of pho-
tosynthetic efficiency could explain the reduced
growth of plants under moderate or high CS soil
enrichment, as well as the improved growth of
plants on 2% CS. The maximal quantum efficiency
of PSII (Fv/Fm) was comparable in all plants, which
indicates absence of photo-inhibitory conditions in
all treatments (Maxwell and Johnson 2000). How-
ever, higher ¢PSII and ETR calculated at different
PAR intensities indicate better photochemical effi-
ciency in seedlings grown in CS-enriched soil than
in Ctrl. Consistently, lower NPQ indicates a lower
need of heat dissipation when plants are grown
with CS (Maxwell and Johnson 2000, and refer-
ences cited therein). On the other hand, our results
showed a general decrease of Rubisco LSU levels in
plants grown with CS, which seems to be dependent
on CS concentration. In barley leaves grown with
10% CS, Rubisco LSU was approximately 40% than
in Ctrl, and mirrored by a similar reduction of total
proteins. The latter observation was not surprising
as Rubisco makes about 50% of the foliar proteins.
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Thus, the reduction of growth observed in plants
with CS-enriched soil may be caused by a lower
biochemical efficiency, whereas the photochemical
efficiency is preserved, and even stimulated. We do
not know why plants grown with CS invest less on
Rubisco and, in general, on leaf proteins. However,
Chl b was also largely depleted in plants grown in
CS-enriched soil, again with a strong CS-dependent
gradient. This may have impaired Rubisco quantity
and might also have a negative effect on the photo-
chemistry of photosynthesis. The large increase of
antioxidant capacity in 10% CS in fact suggests acti-
vation of mechanisms scavenging excess of reactive
oxygen species formed when photosynthesis can-
not use efficiently the electron transport rate. Chl b
mainly populates light harvesting complexes (LHC)
of the photosystem antennae, and the Chl a/Chl b
ratio is commonly used as an indicator of antenna
size. Antenna size decreases when Chl b content
is reduced, for example due to a decreased activity
of chlorophyll synthase enzyme or a nitrogen defi-
ciency in the soil (Wang et al. 2021) influencing the
efficiency of energy transfer to the chlorophylls of
the reaction center (Melis 2009). However, antenna
size reduction does not negatively influence pho-
tosynthesis as long as the maximal quantum yield
of PSII remains unaffected and may even lead to
improved efficiency of the remaining reaction cent-
ers in the photosystems (Gu et al. 2017; Kirst et al.
2017; Sakowska et al. 2018; Salbitani et al. 2020),
which may explain why we observed improved pho-
tochemistry by chlorophyll fluorescence measure-
ments in CS-enriched plants. Moreover, it should
be considered that chlorophyll fluorescence only
records active photosystems whereas does not iden-
tify photosystems that are not active anymore.
Perhaps reduction of Chl b and Rubisco LSU are
related to the increase of soil microbial activity in
CS-enriched plants, which may use in particular
nitrogen to the detriment of Rubisco and leaf pro-
teins. CS-enriched soils also have a high content of
cellulose, hemicellulose and lignin which reaches
over 75% of the dry biomass (Bobkova et al. 2022).
Thus, CS addition could temporarily alter the opti-
mal proportion between carbon and nitrogen, causing
nutritional constraints and stunted growth in plants.
Indeed, addition of low amount of CS (2%) did not
cause dramatic microbiological and chemical-physi-
cal changes to the soil, and also did not affect foliar

@ Springer

protein content while improving water retention, pho-
tochemical efficiency, and total plant growth.

Conclusion

In conclusion, our results suggest that addition of a
moderate concentration of CS might be the best to
implement short-term fertilization effects, positively
influencing plant growth. It is not fully clear why
such a low addition of CS produced the best results.
More efficient photosynthesis is often but not always
accompanied by greater plant growth. In 2% CS-
enriched plants our results indicate that PSII is fully
functional, and that electron transport on the thylakoid
membranes and protective dissipative mechanisms
(non-photochemical quenching) are efficient, while
CS does not positively influence protein content and
higher CS enrichment are always detrimental to pro-
teins and Rubisco, thus probably impairing photosyn-
thesis. The results of this study showed that the use of
CS, at low percentage, can represent a valid opportu-
nity as an agricultural fertilizer both to dispose of the
waste product in a sustainable way but also to obtain
more productive and resource efficient plants. CS can
be considered a natural and organic fertilizer, and its
use on agricultural soils can represent a valid alterna-
tive for sustainable and eco-friendly disposal. How-
ever, as with all fertilizers, optimal use concentrations
should be considered. Indeed, our results demonstrate
that CS improves the soil water retention, the devel-
opment of microorganism exploitable in bioremedia-
tion and, at low concentrations (CS 2% w/w), also
improves the photosynthetic performance and growth
of barley plants.
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