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Abstract: Garden cress is a vegetable crop in the Brassicaceae family that is appreciated for its
nutraceutical and taste-giving components in minimally processed food chains. Due to its very short
cycle, which depends on the range of production from microgreens to baby-leaf vegetables, this
crop is threatened by soil-borne pathologies developing within the initial stages of germination and
emergence. This study aims to evaluate the suppressive bio-compost as an innovative means to
counteract the main telluric diseases of garden cress and reduce the risks of yield loss by adopting
sustainable remedies and decreasing the dependence on synthetic fungicides. Therefore, eleven green
composts obtained using both previously distilled and raw aromatic plant residues were analyzed for
suppressive properties against Rhizoctonia solani and Sclerotinia sclerotiorum on sown garden cress. The
biological active component of the composts, detected by CO2-release, FDA-hydrolysis and microbial
counts, proved to be indispensable for pathogen control in vitro and in vivo, as demonstrated by
the loss of suppressiveness after sterilization. Cross-polarization magic angle spinning 13C-nuclear
magnetic resonance (CP-MAS-13C-NMR) was used to analyze the molecular distribution of organic
C in composts. The results indicated the suitability of the feedstock used to make quality compost.
The suppression levels shown by composts P1 (40% wood chips, 30% escarole and 30% a mixture of
sage, basil, mint and parsley) and P2 (40% wood chips, 30% escarole and 30% a mixture of essential
oil-free sage, basil and rosemary) are promising for the sustainable, non-chemical production of
garden cress vegetables.

Keywords: biological control; NMR; on-farm composts; organic carbon; Rhizoctonia solani; Sclerotinia sclerotiorum

1. Introduction

Garden cress (Lepidium sativum L.) is an annual cruciferous herb cultivated in many
temperate areas of the world and prized as a leafy vegetable and a microgreen for the
ready-to-eat functional food sector [1,2]. The interest in this herb is due to its distinctive
taste and richness in health-beneficial phytonutrients, including antioxidants, phenolic
compounds and glucosinolates [3]. Its cultivation is characterized by very short cycles
that end in the order of 10–20 days after sowing with the cutting of the fresh product,
which can be followed by minimal processing, bagging and distribution [4,5]. In the
microgreens chain, the time is shortened even further [6]. With a view to immediate
consumption, it is therefore necessary to adopt cultivation systems and management
protocols, particularly for phytosanitary aspects, that minimize or even exclude the use
of synthetic chemicals. On the other hand, the cultivation of garden cress at the ground
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level is very vulnerable to polyphagous telluric pathogens that can proliferate in sick soils
and/or intensive systems [7].

The use of suppressive compost can be a very advantageous strategy in the cultivation
of this vegetable, both in terms of sustainability and quality. A quality compost with its
biological (microbial community and excreta) and/or physicochemical (supramolecular
structures and compounds) components can hinder disease development by interfering
in pathogenesis through some key mechanisms schematically referred to as biological
control, the induction of resistance and direct antifungal activity [8,9]. Therefore, the
use of a highly suppressive compost in the production of baby-leaf vegetables and/or
microgreens can drastically reduce the dependence on synthetic fungicides and promote
healthy plant development [10]. Suppressiveness adds to the advantages of using compost
in cress cultivation, e.g., nutrient supply and the stimulation of the synthesis of functional
metabolites that improve organoleptic quality [11].

Over the years, many studies have been conducted to investigate the main mechanisms
underlying compost suppressiveness, establishing the primacy of the microbiological
component that is selected during the long composting process through the continuous
feedback between the transformation of organic matrices by the microorganisms and the
conditioning of the microbiota structure induced by the physicochemical nature of the
organic matter [12]. Many of these studies have used garden cress as a model plant to
characterize compost suppressiveness [12,13] (see Table 1), and, even earlier, it proved to
be particularly suitable for testing phytotoxicity [14], demonstrating the potential for use in
productive systems as well.

Table 1. Percentage of control efficacy showed by many composts tested against soil-borne diseases
of cress in previous studies. The asterisk indicates statistical significance (p < 0.05); ns indicates not
significant, as compared to the infected reference.

Compost Source Turning Pathogen Control (%) Reference

Viticulture and enological factory residues
Pythium ultimum 23 * [13]
Rhizoctonia solani 42 *
Sclerotinia minor 0

Organic fraction of differentiated municipal
bio-waste

P. ultimum 53 * [13]
R. solani 0
S. minor 54 *

Organic fraction of undifferentiated municipal
bio-waste

P. ultimum 26 * [13]
R. solani 0
S. minor 38 *

Cow manure
P. ultimum 47 * [13]
R. solani 60 *
S. minor 36 *

Organic fraction of differentiated biowaste +
peat 50% v/v

P. ultimum 53 * [13]
R. solani 0
S. minor 19 ns

Tomato, escarole, woodchip, compost
17.5:15.5:65:2 w/w

FV R. solani 77 * [12]
S. minor 61 *

Tomato, woodchip, compost 50:48:2 w/w FV R. solani 55 * [12]
S. minor 29 ns

Artichoke, woodchip, compost 78:20:2 w/w FV R. solani 46 * [12]
S. minor 48 *

Artichoke, fennel, escarole, woodchip, compost
43.5:23.5:11:20:2 w/w

FV R. solani 39 * [12]
S. minor 36 ns
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Table 1. Cont.

Compost Source Turning Pathogen Control (%) Reference

Urban waste
R. solani 0 [12]
S. minor 0

Chestnut leaves, branches, bark, and hulls
R. solani 45 * [15]
S. minor 62 *

Solid digestate R. solani 1 ns [16]
S. minor 53 *

Escarole, crop cardoon, compost 80:18:2 w/w PA R. solani 36 * [17]
S. minor 66 *

Escarole, crop cardoon, compost 80:18:2 w/w FV R. solani 42 * [17]
S. minor 69 *

Escarole, crop cardoon, compost 80:18:2 w/w TH R. solani 15 ns [17]
S. minor 32 *

Leafy vegetables, fennel, woodchip MT→FV R. solani 56 * [18]
S. minor 84 *

Maize, livestock waste, woodchip MT→FV R. solani 0 [18]
S. minor 2 ns

Leafy vegetables, basil, tomato, watermelon,
woodchip

MT→FV R. solani 39 * [18]
S. minor 65 *

Leafy vegetables, basil, watermelon, woodchip MT→FV R. solani 36 * [18]
S. minor 95 *

Leafy vegetables, basil, pumpkin, woodchip MT→FV R. solani 0 [18]
S. minor 11 ns

Leafy vegetables, basil, woodchip MT→FV R. solani 0 [18]
S. minor 36 ns

Leafy vegetables, basil, watermelon, woodchip MT→FV
R. solani 43 * [18]
S. minor 18 ns

Leafy vegetables, basil, woodchip MT→FV
R. solani 48 * [18]
S. minor 95 *

Leafy vegetables, basil, woodchip MT→FV
R. solani 57 * [18]
S. minor 0

Leafy vegetables, basil, pumpkin, woodchip MT→FV
R. solani 0 [18]
S. minor 72 *

Leafy vegetables, artichoke, woodchip MT→FV
R. solani 52 * [18]
S. minor 60 *

Leafy vegetables, cabbage, walnut husk,
woodchip MT→FV

R. solani 40 * [18]
S. minor 72 *

Leafy vegetables, basil, sorghum, tomato,
pumpkin, woodchip MT→FV

R. solani 45 * [18]
S. minor 86 *

Solid digestate + chips 15:83.3 w/w R. solani 12 ns [19]
S. minor 59 *

Composting is proposed as a circular economy process aimed at valorizing agro-
industrial organic waste through recycling and reuse in new crop cycles [20]. The systematic
production of multifunctional composts with suppressive and biostimulating properties is
a new perspective for the development of the sector, which can be found in plant materials
with a well-defined phytochemical potential, a valuable resource. This may be the case in
the aromatic plant sector, which can produce a large amount of noble waste for this purpose,
both from the cultivation and dressing stages. This residual aromatic biomass can continue
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its productive life as a co-product of the distillation of essential oils, the production of
aromatic waters and, then, through just composting [21].

The present study aims to evaluate the suppression in a collection of 11 composts
produced from aromatic plant waste against two telluric diseases of cress: Rhizoctonia and
Sclerotinia damping-off. By characterizing the microbiological and chemical properties
and the molecular distribution of organic C in the composts, inferences are made about the
mechanisms underlying disease suppression.

2. Materials and Methods
2.1. Bio-composts

In this study, eleven composts (P1–11) obtained by on-farm composting (singly or in
complex) different feedstocks available in the aromatic plant chain—in a static pile periodi-
cally turned by hand, as previously illustrated by [22]—were used. The starting materials
are listed in Table 2; they include both raw and previously hydrodistilled feedstock [21].
These composts were available as representative of a possible combination of biomasses
from the herb sector included in valuable circular economy processes.

Table 2. Main compost feedstock used to produce P1–P11 composts.

Compost
Feedstock

Wood Chips Vegetable Residues Aromatic Plant Material

P1 40% 30% Escarole
(Cichorium endivia L.)

30% Mixture of Sage
(Salvia officinalis L.), Basil
(Ocimum basilicum L.), Mint
(Mentha x piperita L.) and Parsley
(Petroselinum crispum (Mill.) Fuss)

P2 40% 30% Escarole 30% Mixture of Sage, Basil and
Rosemary (Rosmarinus officinalis L.) Distilled

P3 20%

50.5% Parsley
6.2% Rocket
(Diplotaxis tenuifolia L.)
3.6% Red radish
(Raphanus sativus L.)

29.9% Basil, 6.2% Thyme
(Thymus vulgaris L.), 2% Laurel
(Laurus nobilis L.), 1.6% Mint

Distilled

P4 - 100% Basil
P5 - 100% Basil Distilled

P6 20%

50% Parsley, 28% Thyme, 8.1%
Rosemary, 5.5% Mint, 3.8%
Oregano (Origanum vulgare L.),
2.5% Sage, 0.9% Laurel, 0.7%
Tarragon (Artemisia dracunculus L.),
0.5% Basil

P7 20% 17.6% Parsley 39.3% Basil, 19.7% Rosemary,
16.5% Sage, 6.9% Mint Distilled

P8 - 100% Rosemary
P9 - 100% Rosemary Distilled

P10 - 100% Sage
P11 - 100% Sage Distilled

2.2. In Planta Compost Suppressiveness Assay

The compost suppression bioassay was conducted against the Rhizoctonia and Sclero-
tinia diseases of L. sativum, as was described previously by Pane et al. [17]. In particular,
the experimental setup is summarized here:

• The eleven bio-composts, both sterile (twice autoclaved) and not sterile, were supplied
at a rate of 30% (vol.) to a standard peat-based growing medium. Non-amended peat
was used as a control.

• Isolates of Rhizoctonia solani (AG-4) and Sclerotinia sclerotiorum from the CREA mi-
crobial collection (at the Research Center for Vegetables and Ornamental Crops in
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Pontecagnano Faiano, Italy), maintained on a potato dextrose agar medium (PDA, Ox-
oid Ltd., Basingstoke, UK), were grown for 21 days on common millet seeds saturated
with potato dextrose broth (PDB, Oxoid Ltd., Basingstoke, UK) (1/10 w/w) to prepare
the pathogen inoculum to be incorporated into the substrate at a final concentration of
1% (w/w, dry weight).

• The experimental unit consisted of a mini plastic pot (7 cm diam., ~0.1 L vol.) filled
with the different substrates, sown with 20 seeds of garden cress cv. Comune (Blumen,
Milan, Italy) each and replicated five times for each treatment. Ultimately, there were
11 composts ×2 conditions (autoclaved and non-autoclaved) +2 controls (healthy and
infected peat) for a total of 24 treatments, resulting in 120 pots and 2400 seeds. The
experiment was repeated.

• The sown pots were placed in a climate chamber (25 ◦C) for 7 days to allow for the
emergence of cress seedlings and the development of Sclerotinia and Rhizoctonia
damping off (Figure 1).
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Figure 1. Photograph of healthy (A) and Rhizoctonia- (B) and Sclerotinia-diseased (C) cress seedlings
sown in pots on autoclaved peat. Details of the damping-off by Rhizoctonia solani (D) and the wilting
of cress seedlings covered by Sclerotinia sclerotiorum mold (E).

The incidence of Sclerotinia and Rhizoctonia diseases on the cress was recorded as the
percentage of damping-off (DO%), according to Equation (1):

DO% =
HSo− HSi

HSo
× 100 (1)

where HSo and HSi are the number of healthy seedlings in the non-amended control and in
the ith compost mix, respectively.

2.3. Analysis of the Main Physico-Chemical and Biological Components of Compost

The electrical Conductivity and pH of the compost were determined according to the
official methods of the Italian National Society of Soil Science [23]. The nitrate content in
the compost was assessed by a colorimetric technique using Reflectoquant® strips read by
a RQflex® 10 reflectometer (Merck, Darmstadt, Germany).

The phytotoxicity assay was carried out by assessing the germination rate of the
cress after the exposure of 20 seeds to 4 mL of aqueous compost extracts at three different
concentrations (50, 16.6 and 5 g L−1 of compost, dry weight). They were placed onto
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blotting paper in Petri plates and incubated at 25 ◦C for 5 days. After incubation, the
number and root elongation of the seedlings were calculated in the germination index
(GI%) according to Formula (1).

GI% =
(N◦ Si)
(N◦ So)

× (RL Si)
(RL So)

× 100 (2)

where the number (N◦) and the mean root length (RL) of the germinated seedlings in both
the water control (So) and the ith compost eluate (Si) are taken in account, respectively.

The population levels of the filamentous fungi and the total, spore-forming and
pseudomonads-like bacteria in the composts were assessed by the plate counting of tenfold
(10−1 to 10−7) serial dilutions of water suspensions. Fungal colonies were grown on PDA
pH 6 and supplemented with 150 mg L−1 of nalidixic acid and 150 mg L−1 of streptomycin.
The total bacteria were counted on a selective medium (glucose 1 g L−1, proteose peptone
3 g L−1, yeast extract 1 g L−1, K2PO4 1 g L−1, agar 15 g L−1) supplemented with actidione
100 mg L−1. Peudomonads were counted on a selective agar medium without iron that
was supplemented with actidione [24]. Finally, spore-forming bacteria were counted on
Nutrient Agar [25] previously heated at 90 ◦C for 10 min.

Basal respiration was expressed as the CO2 release rate of 10 g (dry weight) of compost at
an 80% water holding capacity in a sealed 50 mL sterile plastic tube (Falcon, Oxnard, CA, USA),
as measured with the CO2 Analyser IRGA SBA-4 OEM (PP Systems, Haverhill, MA, USA).

The rate of hydrolysis of the Fluorescein diacetate (FDA) from the compost (2.5 g)
mixed with 0.2 M potassium phosphate buffered at pH 7.6 (15 mL) and then supplemented
with 0.5 mL FDA solution (2 mg mL−1) was assessed after 2 h of dynamic incubation
and after stopping the reaction by the addition of 15 mL CHCl3/CH3OH (2:1 vol.) with a
UV-Vis spectrophotometer (model UV-1800, Shimadzu, Canby, OR, USA) at 490 nm.

2.4. Analysis of the Molecular Carbon Components of Compost

The finely powdered compost samples were analyzed by solid-state NMR spectroscopy
(13C CPMAS NMR) on a Bruker AV300 Spectrometer equipped with a 4 mm wide-bore
MAS probe by packing the homogenized organic substrates in 4 mm zirconium rotors with
Kel-F caps. The technical parameters for the NMR acquisition were set as follows: a rotor
spin rate of 13,000 Hz, 2 s of recycle time, 1 ms of contact time, 30 ms of acquisition time and
4000 scans. A conventional composite shaped “ramp” pulse on the 1H channel was used for
the cross-polarization pulse sequence to account for the inhomogeneity of the Hartmann–
Hann condition at a high rotor spin frequency. The Fourier transform was performed with
a 4k data point and an exponential apodization of 200 Hz of line broadening.

Although the solid-state 13C CPMAS NMR is a powerful technique for the direct
investigation of natural organic matter, the analysis of complex solid matrices involves
the occurrence of unavoidable technical drawbacks, such as chemical shield anisotropy and dipolar
coupling effects, with a loss in signal resolution. Solid-state NMR spectra are therefore
characterized by a large signal broadening and an overlapping of carbon functionalities,
partly addressed by the application of magic angle spinning and high-power 1H decoupling.
Therefore, for the interpretation of solid state 13C NMR spectra, the different signals are
conventionally grouped into six extended chemical shift regions that are representative of
the main types of carbon functional groups: Alkyl-C: 0–45 ppm; Methoxyl-C: 45–60 ppm;
O-Alkyl-C: 60–110 ppm; Aryl-C: 110–145 ppm; Phenol-C: 145–160 ppm; and Carboxyl-C:
190–160 ppm.

The relative contribution of each spectral region was determined by integration
(MestreNova 6.2.0 software, [26]) and expressed as a percentage of the total area. The
molecular features of organic substrates can be summarized by calculating the dimen-
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sionless structural index [17,27]. The Alkyl ratio (A/OA) compares the relative intensity
between Alkyl-C and O-Alkyl-C (3):

A/OA =
(0− 45 ppm)

(60− 110 ppm)
(3)

The Hydrophobic Index (HB) corresponds to the comparison of hydrophobic apolar C
functionalities and potentially more hydrophilic polar functional groups (4):

HB =

[
(0− 45 ppm) +

(45− 60 ppm)

2
+ (110− 160 ppm)

]
[
(45− 60 ppm)

2
+ (60− 110 ppm) + (160− 190 ppm)

] (4)

The Lignin ratio (LigR) is based on the relation between the C distribution in Methoxyl-
C and the C-N region, as related to the O-Aryl-C components (5):

LigR =
(45− 60 ppm)

(145− 160 ppm)
(5)

The A/OA and HB indices are mainly used as references to determine the biochemical
stability of organic matrices and correlate the structural composition with the stabilization
processes of organic materials [28,29]. The Lig R ratio is a useful indicator to discriminate
between NMR signals due to lignin and other phenolic compounds (lower LigR) versus
the prevalent contribution of peptidic moieties (larger LigR) in the 45–60 ppm range of the
NMR spectra [17,30].

2.5. Statistical Analysis

All of the measured parameters were subjected to descriptive statistics. A two-way
ANOVA was applied to the results of the in planta suppression assays for each pathogen
to test the effects of the compost sample and sterilization treatment on the damping-off
percentage and to the phytotoxicity assay to test the effects of the compost sample and
eluate concentration on the cress germination index. The percentage data were arcsine
transformed to satisfy the normality assumption of distribution. A one-way ANOVA
was used to test for differences in the physico-chemical, chemical and microbiological
characteristics among the samples.

3. Results
3.1. Compost Suppressiveness

The composts showed varying levels of suppressiveness against the two target soil-
borne diseases (Figure 2).

All of the raw composts were able to significantly (p < 0.001) reduce the damping-off
caused by S. sclerotiorum on the cress in pot trials compared to the non-amended pots.
Furthermore, with the exception of P4 and P5, the composts kept the disease severity below
50%; P1 was the most suppressive, sharing a statistically comparable level of suppression
with a large group including P2 and P6 to P11. On the other hand, although Rhizoctonia
damping-off was significantly (p < 0.001) reduced in 7 out of 11 cases compared to the
control peat, the suppression was very low: only about 25% of the disease control capacity,
except for P1 and P2, which proved to be the best performing raw composts, achieving over
60% disease control. The sterilization of the P1 and P2 composts drastically cancelled out
suppression. Similarly, the sterilized composts P4, P5, P6, P8 and P9 significantly (p < 0.01)
lost the suppressiveness that was expressed when they were raw. Indeed, the two-way
ANOVA showed significant (p < 0.01) compost × sterilization interaction.
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Figure 2. Percentage of Sclerotinia (A) and Rhizoctonia (B) damping-off on cress seedlings in raw
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indicates significant differences (p ≤ 0.05), according to the Least Significant Difference post hoc test,
among both the raw and autoclaved samples. Asterisk indicates significant differences (p ≤ 0.05),
according to the Least Significant Difference post hoc test, between the raw and autoclaved samples
of the same compost.

3.2. Phyitotoxicity and Biological Properties of Composts

The cress germination test on the compost eluates showed the profiles of their phyto-
toxicity potential with, on average, a concentration-dependent behavior (Figure 3). Statistics
showed that the effect of the single factor, compost sample or concentration was significant
(p < 0.001), whereas no significant interaction was found between them (compost × concen-
tration). Composts P4 and P5 showed the lowest toxicity, as expressed by the germination
index percentage, at the highest concentration analyzed. In parallel, the eluates of P3, P6
and P7 showed intermediate values of the parameter between 50 and 100%. Passing to the
remaining composts, on average, lower germination index percentages were observed.

Table 3 shows the values of the main biological parameters measured on the composts.
The largest levels of FDA hydrolysis were recorded in P4 and P6, followed by P1, P2, P5
and P7, which, together, form the top cluster regarding this enzymatic activity. These
behaviors were not confirmed by the assessment of basal respiration, as the rate of CO2
release showed no significant differences among the samples. The population levels of
total fungi were statistically highest in P8 and P11, followed by P9, while the remaining
composts showed lower enumerations of culturable colonies. P9 showed the highest values
of the total bacterial population, followed by P5, P10 and P11. Heat-resistant bacteria were
significantly more numerous in composts P1, P2 and P4, while Pseudomonas-like bacteria
were more numerous in P8, P9 and P10.
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Figure 3. Germination index of cress seeds exposed to compost water extracts (P1 to P11) at
50 (dark blue), 16.6 (medium blue) and 5 g L−1 (light blue). Lower and uppercase lettering indicate
significant differences (p≤ 0.05), according to the Least Significant Difference post hoc test, among the
concentration within the same sample and the sample within the same concentration, respectively.
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Table 3. Some biological, microbiological, physico-chemical and chemical properties of the composts (P1–P11). Asterisks indicate that the differences indicated by
lowercase lettering are statistically significant (p < 0.001). Non-significance is reported as ns.

Compost

Fluoresceine-
Diacetate

Hydrolysis
(µg FDA
g−12h−1)

Basal
Respiration
(µL CO2 s−1

g−1)

Total
Fungi

(Log CFU g−1)

Total
Bacteria

(Log CFU g−1)

Thermal-
Resistant
Bacteria

(Log CFU g−1)

Pseudomonas-
Like

Bacteria
(Log CFU g−1)

EC pH NO3−
(ppm)

P1 8.22 ± 0.90 b 2.73 ± 1.85 5.27 ± 0.12 d 7.68 ± 0.05 bcd 7.51 ± 0.49 a 7.95 ± 0.00 cd 8434.00 b 8.52 d 5.87 ± 0.50 def
P2 8.59 ± 0.33 b 1.01 ± 0.18 5.61 ± 0.06 c 7.34 ± 0.12 d 7.26 ± 0.00 ab 8.30 ± 0.49 bc 4612.00 e 9.00 bc 8.60 ± 0.53 c
P3 7.03 ± 0.11 c 1.06 ± 0.00 3.56 ± 0.00 g 7.62 ± 0.31 cd 6.54 ± 0.27 cd 7.26 ± 0.30 e 5123.00 d 10.23 a 7.13 ± 1.21 cde
P4 9.40 ± 0.25 a 0.77 ± 0.00 5.31 ± 0.05 d 7.61 ± 0.16 cd 7.10 ± 0.21 ab 6.75 ± 0.18 f 11837.00 a 8.57 d 5.60 ± 1.93 ef
P5 8.73 ± 0.13 b 1.21 ± 1.24 5.25 ± 0.09 d 7.88 ± 0.24 bc 6.80 ± 0.06 bc 7.76 ± 0.13 d 7258.67 c 10.30 a 4.80 ± 0.60 f
P6 8.81 ± 0.36 ab 0.94 ± 0.00 4.86 ± 0.00 e 7.36 ± 0.17 d 6.10 ± 0.21 de 7.27 ± 0.28 e 4331.00 f 9.40 b 13.07 ± 1.10 a
P7 8.41 ± 0.19 b 2.26 ± 0.00 4.56 ± 0.00 f 5.93 ± 0.16 e 5.45 ± 0.20 g 6.75 ± 0.10 f 4630.00 e 8.48 d 7.60 ± 0.87 cd
P8 0.94 ± 0.18 de 0.65 ± 0.27 6.16 ± 0.15 ab 8.94 ± 0.32 a 4.87 ± 0.12 h 8.79 ± 0.21 a 2282.00 h 8.85 cd 11.07 ± 2.34 b
P9 0.54 ± 0.26 e 0.58 ± 0.34a 6.01 ± 0.00 b 7.57 ± 0.28 cd 5.57 ± 0.15 fg 9.01 ± 0.00 a 8.99 i 8.94 c 2.13 ± 0.61 g

P10 1.28 ± 0.29 d 0.37 ± 0.43 5.26 ± 0.21 d 7.86 ± 0.13 bc 5.42 ± 0.30 g 8.73 ± 0.00 ab 3646.00 g 9.16 bc 7.47 ± 0.42 cde
P11 1.32 ± 0.27 d 1.00 ± 0.22 6.35 ± 0.09 a 7.98 ± 0.13 b 5.88 ± 0.04 ef 7.72 ± 0.32 d 3567.67 g 9.26 b 12.13 ± 0.99 ab

Sign. *** ns *** *** *** *** *** *** ***
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3.3. Chemical and Molecular Properties of the Composts

The composts showed sub-alkaline pH values (>8.0) and variable levels of electrical
conductivity. Similarly, nitrate availability showed values ranging from 2.13 ppm in P9 to
13.7 ppm in P6 (Table 3).

The 13C NMR spectra of the compost samples were characterized by an overall com-
position dominated by the aliphatic molecules of either alkyl-C or O-alkyl-C components
(Figure 4).
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The carbon distribution ranged from 21.6 to 43.6% and from 26.8 to 42.4% of the total
spectral area, respectively (Table 4). The various bands grouped beneath the 110–145 ppm
spectral interval are related to the unsubstituted and C-substituted nuclei of phenyl carbons
pertaining to the aromatic units of terpenoid, polyphenols, flavonoids and the lignin
components of plant tissues [31–33]. Moreover, the signals shown in the alkyl-C interval
(0–45 ppm) also include the various lipid compounds derived from plant tissues and the
microbial biomass [17]. The intense and broad bands centered around 30–33 ppm (Figure 4)
are related to the overlapping of different bulk methylene (CH2) segments of predominantly
straight-chain molecules of wax and cutin components [27,34], as well as those of cyclic
aliphatic components such as terpene derivatives and sterols derived from the aromatic
plant used in compost-starting biomasses [32,35].
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Table 4. Relative C distribution (%) over the chemical shift regions (ppm) and structural index in the NMR spectra of compost samples (P1–P11).

Compost Carboxyl-C O-Aryl-C Aryl-C O-Alkyl-C CH3O/C_N Alkyl-C
HB a A/OA a LigR a

(190–160 ppm) (160–140 ppm) (140–110 ppm) (110–60 ppm) (60–45 ppm) (45–0 ppm)

P1 7.2 2.1 12.6 31.3 13.0 33.9 1.2 1.1 6.2
P2 8.2 2.9 11.5 26.8 12.3 38.2 1.4 1.4 4.3
P3 5.1 3.7 12.1 44.0 11.7 23.4 0.8 0.5 3.1
P4 8.1 3.8 14.3 41.1 11.8 21.0 0.8 0.5 3.1
P5 7.9 3.8 15.5 42.4 11.4 19.0 0.8 0.4 3.0
P6 7.4 3.3 15.1 38.7 10.9 24.6 0.9 0.6 3.3
P7 7.2 2.5 11.8 31.0 11.8 35.7 1.3 1.2 4.7
P8 6.5 2.2 11.4 30.1 12.0 37.8 1.3 1.3 5.4
P9 6.3 2.2 9.5 28.0 10.5 43.6 1.5 1.6 4.8
P10 9.5 3.1 10.4 30.7 11.5 34.7 1.2 1.1 3.8
P11 7.7 5.3 12.0 33.6 11.3 30.2 1.1 0.9 2.1
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The shoulders evident at 39–40 ppm (Figure 4) can be also associated with CH2, tertiary
(CH) and quaternary (C-R) carbons in the assembled rings of terpenoid compounds [33,36].

The subsequent chemical shift region between 46 and 60 ppm, marked by the signal at
56 ppm (Figure 4), includes typical resonances found in plant-derived organic materials
consisting of the contribution of various groups represented by methoxyl substituents on
the aromatic rings of guaiacyl and syringyl units in lignin, or by C-N bonds in peptidic
moieties [17,27].

The various peaks in the O-alkyl-C region (60–110 ppm) are currently assigned to
monomeric units in the oligo and polysaccharide chains of plant tissues [28,30]. The less
intense shoulders at 62/64 ppm represent the out-of-plane carbon 6 of cyclic carbohydrate
conformation, followed by the sharp signal around 72 ppm due to the coalescence of the
chemical shift of hydroxylated carbons in position 2, 3 and 5 in the pyranoside structure,
whereas the band shift at 104 ppm is the di-O-alkyl frequency of anomeric carbons (Figure 4).
In addition to the monomers of the saccharide chains, the O-alkyl regions of the NMR
spectra may also include a contribution from the carbohydrate moieties of the glycosidic
components in the structures of the flavonoids of aromatic plants [31,37]. The reduced
evidence of carbon 4 involved in the β 1→4 glycosidic bond at 82/88 ppm suggested the
decomposition of the ether bond of the polysaccharides chain in composting processes, as
well as the incorporation of mannan, xylan and arabinan derivatives into the hemicellulose
structures of the initial fresh plant biomass [29,30].

The phenolic aromatic region (140–160 ppm) indicates the presence of O-substituted
ring carbon derived from various aromatic structures [17,28]. Finally, the wide peak at
174 ppm (Figure 4) indicated the presence of carboxyl groups in aliphatic and aromatic
acids, amide groups in amino acid moieties and acetyl substituents in the carbohydrate
components of hemicelluloses and flavonoids.

4. Discussion

The potential application of composts and organic materials in garden cress cultivation
has long been investigated with the aims to reduce peat in growing media [38], improve soil
properties [39] and upgrade the nutritional quality of yield [40]. On the other hand, cress is
also plentifully used in studies carried out to test the disease suppressiveness, maturity and
agronomic suitability of compost. The current paper presents a comprehensive examination
of bio-composts from aromatic plant residues applied to the soilless cultivations of cress as
a protective means against the most common soil-borne pathogens. The study revealed
that the feedstocks may affect compost features and functionality and provide benefits for
crop protection.

In view of composting, aromatic plant waste differs from other crop residues, mainly
because of its significant content of essential oil. This plant constituent is made up of a rich
mixture of compounds that generally exhibit marked antimicrobial and phytotoxic activity,
amplified by their volatility, lipophilicity and very low lethal concentration [41,42]. Essential
oils contained in aromatic plants may interfere with the dynamics of microorganisms
devoted to the composting, causing potential start-up difficulties, process slowdowns,
negative impacts on microbial development and, secondarily, prolonged phytotoxic effects
when the compost is applied to the plants [43]. However, the aware composting of these
vegetable matrices well assembled with other complementary ingredients, as a sound
remedy to modulate the cited microbial conditioning aspects, can lead to a high agronomic
and functional value-end product. From a circular economy perspective, however, the
removal/recovery of the essential oils from the raw material by means of hydrodistillation
is a further way of valorizing aromatic plant leftovers, drawing attention to the concept
of by-products [21]. This study, by examining the composts obtained from the raw and
oil-free aromatic matrices of different botanical origins, sheds light on the consequences for
the potential composts’ suppressive functions.

The bioassays unequivocally demonstrated a high ability to suppress Rhizoctonia and
Sclerotinia diseases on the cress of the raw composts P1 and P2, respectively obtained from
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the following two groups of ingredients: wood chips, escarole and a mixture of sage, basil,
mint and parsley and wood chips, 30% escarole and a mixture of essential oil-free sage, basil
and rosemary. Furthermore, after generating the biological vacuum in them by autoclaving,
the two high-performing composts lost their ability to stop the pathogenesis dynamics,
indicating the crucial role played by resident microorganisms in conferring biological
control properties. This is corroborated by the high levels of the general enzymatic activity
recorded by FDA hydrolysis, the respiration rate (although without statistical significance)
and microbial counting profiles. Interestingly, these two composts showed the highest
levels of thermal-resistant bacteria populations, including Bacillus-like cells, which are
widely reported among the main functional microbial groups conferring suppressiveness
to composts [44]. As matter of the fact, the composts assessed for suppressiveness in this
study were previously used as a useful source for the stepwise selection of new strains of
Bacillus spp. antagonistic to soil-borne pathogens [22]. In addition, the phytotoxicity of P1
and P2 was low, and the cress germination assay showed irregular behavior with the dose,
suggesting an antagonistic toxic/nutritional effect of eluates. The pot assays indicated
that R. solani is more difficult to control with suppressive composts than S. sclerotiorum,
likely due to the insidious nature of the pathogen and the residual phytotoxicity of the
non-suppressive composts that weaken the plant. This could correspond to a specific
mechanism—the suppressive activity slightly related to the population levels of the Bacillus-
like bacteria. On the contrary, against Sclerotinia damping-off, the success in biocontrol by
composts has been broader, although keeping the same pattern of the Rhizoctonia bioassay
regarding the most and the least suppressive ones.

There is no evidence about the modulating effects of the essential oil extraction
from feedstock on the levels of disease suppressiveness; rather, the ability to counter-
act pathogens seems to be more influenced by the botanical diversity of the ingredients
mixed into the pile. For example, both the mono-matrix composts of basil leftovers showed
the lowest suppressiveness. In contrast, both the raw and essential oil-extracted rosemary-
based composts showed a particularity to significantly increase suppressiveness after
sterilization, possibly indicating the release or formation of highly antifungal compounds
after heating. While the use of vapor heating may enhance the release of antimicrobial
components in aromatic plants [27], the metabolic products of rosemary, such as flavonoids
and phenolic derivates, show consistent thermal stability and bioactive performance upon
thermal treatment [45,46]. It is therefore conceivable that the preliminary autoclave ster-
ilization process of fresh biomass may have promoted the release of aromatic oligomers
during the composting of rosemary-based matrices, thus enhancing the suppressive activity
of the final processed composts.

Interestingly, on average, the greatest reduction in suppressiveness passing from the
raw to the corresponding autoclaved compost is observed in the multi-matrix composts,
suggesting a role of the carbon source complexity in the structure and functionality of the
developing microbial communities. From this perspective, although the EC, pH and nitrate
concentrations of the composts were in the typical range for green composts, the molecular
distribution of organic carbon along the samples reflect these considerations.

Despite the broadening of the signal produced by the CPMAS technique, the NMR
spectra of the compost samples allowed for an adequate evaluation of specific functional
groups related to the characteristic plant components in the different chemical shift regions.
The relative distribution of C in the chemical shift regions and the structural indices in
the NMR spectra of the compost samples suggest a differentiation of maturity into two
main groups based on the initial composition of the starting substrates. The inclusion of a
higher number of poplar residues (P1) and the exclusive use of the rosemary (P8, P9) and
sage (P10, P11) biomass promoted a significant incorporation of lipid compounds. On the
contrary, the halving of the structural fraction and the increase in fresh biomass, consisting
mainly in basil and parsley (P3, P4, P6), enabled the final prevalence of the carbohydrates
and polysaccharides. This is highlighted by the distinct values found for the comparison of
the aliphatic compositions carried out with the Alkyl ratio, while no significant differences
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were found in the overall relative distribution of the aromatic compounds. The larger
residual presence of carbohydrates in the basil and/or parsley-based composts, likely due
to the proliferative effects on harmful microorganisms [47], may explain the complete
absence and very low suppressiveness, respectively, in the P4 and P5 composts and in
the P6 and P3 composts, which also exhibited a lower germination index than the other
compost samples, as an indication of their low degradation.

The bioactive properties of composts in supporting crop development through bios-
timulation or suppressive effects are usually associated with the combination of microbial
composition and molecular characteristics [12,17,27]. Regarding chemical components,
although an unambiguous relationship between structure and activity has not yet been
clarified, the bioactive functionalities of compost and its derivates are mainly related to the
stage of humification and the content of humified fraction. These structural characteristics
are evidenced by increased stabilization properties summarized in the NMR analysis by the
Hydrophobic Index and Alkyl ratio [34]. The relative preservation of apolar compounds
during the dynamics of natural organic materials such as litter, soil organic matter, compost,
digestates, etc. are in fact closely correlated with the advancement of carbon stabilization
and the so-called humification process [29,34]. Bioactive properties are thus triggered by
depolymerized organic molecules released by the intense humification process, mainly
represented by aromatic and phenolic compounds and decomposed peptide moieties [48].
In contrast, the retention of more intact lignocellulose residues indicated the lower intensity
of humification and the reduced availability of less decomposed active fragments [30,49]. A
remarkable shared effect on the composting process was also shown by the biomasses sub-
jected to the preliminary removal of essential oils. Almost all the extracted final composts
showed a final composition characterized by an increase in the HB and A/OA indexes
and/or a decrease in the Lignin ratio compared to the corresponding non-extracted samples.
The trend of a decreasing Lignin ratio is related to the improved organic stabilization of
the composted biomass. In fact, despite the extraction of essential oils and the consequent
release of aromatic and phenolic compounds, which constitute the denominator of LigR,
almost all of the de-oiled mature composts showed a steady decrease in this structural
parameter. This change suggests the better fragmentation of the larger proteinaceous
material underlying the peak area at 45–60 ppm combined with the constant maintenance
or relative increase of the O-aryl-C signals of lignin fragments in the 145–160 ppm region,
thus leading to final LigR values in the extracted biomasses comparable to those usually
found in the humified fraction of stable mature composts [17,30]

Essential oils from aromatic plants are recognized as effective antioxidant and antimicrobial
agents with suppressive properties against a wide range of microorganisms [21,22,27]. It is
therefore conceivable that the preliminary extraction of the oil fraction may have favored
the development of microbial activity in processed biomass, thus promoting an organic
matter dynamic associated with compost humification.

5. Conclusions

The composting of aromatic plant residues is a suitable method to improve the cir-
cularity of this production chain and agricultural systems in general. The extraction of
the essential oil does not affect the suppressive functions, so feedstock without essential
oil, as well as raw materials, can potentially promote the formation of quality composts,
especially in a complex combination with ingredients of different botanical origins.

Cress cultivation can benefit from the application of suppressive composts to reduce
the dependence on fungicides for disease management and improve rapid soilless produc-
ing systems such as ready-to-eat salads and microgreens.
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