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Abstract

In the valorization of organic waste within circular bioeconomy frameworks, compost and
insect frass are increasingly used as soil amendments, yet their molecular composition
and the metabolic signatures of biological processing remain poorly characterized. In this
study, high-resolution magic angle spinning (HRMAS) nuclear magnetic resonance
(NMR) was applied to intact compost and frass samples to explore their metabolic profiles
and assess the potential of this technique to detect bioindicators of vermi- and insect-as-
sociated biotransformation without destructive sample preparation. HRMAS NMR exper-
iments included water-suppressed one-dimensional 'H spectra and selected two-dimen-
sional experiments ('"H-*C HSQC and 'H-*C HMBC) to support signal assignment. The
analysis revealed clear differences between compost with and without vermicomposting
activity, with low-molecular-weight resonances assigned to glycine betaine (betaine), a
characteristic metabolite associated with biotransformation. In Tenebrio molitor frass, 'H-
HRMAS spectra displayed a distinct set of small-molecule signals, including betaine res-
onances detected for the first time in this matrix. Time-resolved monitoring showed that
betaine signals remained stable during the studied period. These findings demonstrate
that HRMAS NMR provides a minimally invasive, versatile platform for direct character-
ization of compost and frass, supporting the identification of metabolic signatures linked
to vermi- and insect-mediated processing.
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1. Introduction
The valorization of organic residues is an essential component of circular bioecon-
Copyright: © 2026 by the author.

omy strategies, because it allows low-value biomass streams to be redirected toward
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e . products with agronomic and environmental utility [1-4]. Among these materials, com-
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distributed under the terms and post and insect frass are increasingly recognized as relevant soil amendments and bi-
conditions of the Creative Commons  oproducts, but their chemical complexity and heterogeneity still limit a complete under-

Attribution (CC BY) license. standing of their composition and functional properties [1,5,6]. Compost is generated
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through the progressive microbial decomposition of organic matter, leading to the trans-
formation of labile substrates into more stabilized humic-like fractions, whereas frass rep-
resents a biologically processed residue enriched in undigested feed particles, microbial
biomass, and metabolites arising from insect digestion and excretion [1,4-6]. Because both
matrices reflect distinct but related biotransformation processes, their detailed molecular
characterization is important for assessing maturity, stability, and potential agronomic
value [2,6].

The analytical study of compost has traditionally relied on bulk chemical measure-
ments and spectroscopic approaches such as Fourier-transform infrared (FTIR) and solid-
state nuclear magnetic resonance (NMR), which have shown that composting alters the
balance between polysaccharidic, aliphatic, and aromatic domains and contributes to the
formation of humic and fulvic fractions [7,8]. These studies support the view that humic
substances are useful indicators of compost transformation, although there is still debate
on how completely they capture the molecular diversity and reactivity of compost-de-
rived organic matter [7,9]. In the case of frass, recent reviews indicate that its composition
and agronomic effects depend strongly on the insect species and the feed substrate, and
that its chemical and microbiological characterization remains limited compared with
compost. This leaves open important questions about the small-molecule signatures that
distinguish frass from other organic residues and this may reflect insect-mediated bio-
transformation [6,8].

NMR spectroscopy is particularly valuable for studying complex organic materials
because it provides non-destructive, molecular-level information with limited sample
preparation [10,11]. In this context, high-resolution magic angle spinning (HRMAS) NMR
is especially attractive for semi-solid and heterogeneous samples, as it improves spectral
resolution while preserving the native structure of the matrix [11,12]. Although HRMAS
has been applied in other complex matrices, its systematic use for the direct analysis of
intact compost and frass remains scarce, representing a methodological opportunity for
the study of these materials [12-14]. This approach can potentially reveal both broad struc-
tural features, such as residual polysaccharides and humic-like domains, and discrete
low-molecular-weight metabolites that may be lost or obscured in conventional extrac-
tion-based workflows [7,8].

In the present study, we used HRMAS NMR to directly analyze intact compost and
frass samples with the aim of characterizing their molecular profiles and exploring
whether this approach can reveal signatures associated with biological processing. Partic-
ular attention was paid to low-molecular-weight resonances that may reflect vermi-asso-
ciated transformation processes and to sample stability during NMR acquisition inside
the rotor. This work highlights the utility of HRMAS NMR as a minimally invasive and
versatile platform for the direct characterization of complex organic matrices.

2. Materials and Methods

Compost samples were collected from the composting area of the Pluridisciplinary
Institute of the Complutense University of Madrid (UCM), an institutional facility dedi-
cated to composting activities and organic waste valorization. The composting area re-
ceives organic waste streams derived from the daily activities of institute staff, including
residual solid municipal waste and waste from the institute gardens, in an approximate
1:2 ratio of food and household residues to garden waste. This composting setup at the
UCM campus served as an experimental model of traditional compost production under
controlled conditions.

Compost was collected from modular composters with a capacity of 1 m3 by taking
five representative sub-samples from different points at a depth of approximately 15 cm
within each unit. For each batch, the sub-samples were combined to obtain a composite
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sample, which was then homogenized before analysis. A total of 15 compost samples from
9 independent composting processes collected over different periods of the year were an-
alyzed by HRMAS NMR; 6 processes were sampled at two time points (5 and 7 months;
12 samples), and 3 processes were sampled once (5 months; 3 samples). All batches had
undergone at least five months of maturation before sampling. Samples were collected in
their native semi-solid state and stored until analysis.

Tenebrio molitor larvae were reared at the institute as a source of chitin for ongoing
biotransformation studies and were fed primarily on oat-based diets. Frass was collected
from the rearing containers after the biotransformation period. The procedure involved
removal of all organisms (live and dead), classified by developmental stage (larva, pupa,
beetle), followed by separation of the remaining material using a sequence of sieves or-
dered from larger to smaller pore size (3.16 mm, 1 mm, and 500 pm). Frass was defined
as the fraction passing through the 500 um sieve, yielding a homogeneous and stable fine
fraction. The collected frass was stored until analysis. A total of 15 T. molitor frass samples
from 5 independent batches were analyzed in triplicate.

In addition, black soldier fly larvae (Hermetia illucens) and earthworms (Eisenia fetida)
were naturally present in the outdoor composting units at the UCM campus, the former
during the warmer months and the latter originating from the underlying soil. Larvae and
earthworms were isolated from the composting system and maintained without food in
glass containers in the laboratory. The frass excreted during this period was collected and
stored until analysis. Three samples of each frass type were analyzed as independent bi-
ological replicates under the same conditions. The sampling design for all sample types is
summarized in Supplementary Materials, Table S1.

HRMAS NMR experiments were carried out at the ICTS Biolmagen Complutense
facility using a Bruker AVIII HD 500 spectrometer (Bruker BioSpin GmbH, Rheinstetten,
Germany) operating at 500.13 MHz for 'H and equipped with a 'H HRMAS probe. The
HRMAS probe is equipped with a precision temperature control system that maintains
the set temperature at 298 K during spectral acquisition. Samples were packed into 50 pL
zirconium rotors using 10 + 2 mg of compost or frass per rotor. Approximately 10 puL of 1
mM 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP; Scharlau, Sentmenat,
Barcelona, Spain) in D20 was added, and the sample loading was adjusted to ensure a
final moisture content of no more than 30% (w/w). D20 was used to provide a deuterium
lock and facilitate water suppression, whereas the TSP internal standard was used exclu-
sively for chemical shift referencing (setting o = 0 ppm). One-dimensional '"H HRMAS
spectra were acquired using the water-suppressed Bruker NOESYPR1D pulse program
with a mixing time of 150 ms to enhance the detection of low-molecular-weight metabo-
lites. Acquisition parameters included 32 k data points, a spectral width of 14 ppm, 256
scans, and presaturation of the water resonance during a 2 s relaxation delay. Spectra were
Fourier transformed, phased, baseline corrected, and referenced to the TSP internal stand-
ard. Two-dimensional 'H-*C HSQC and HMBC spectra were recorded using standard
Bruker pulse sequences to support metabolite assignment. HSQC spectra were acquired
with a 'H spectral width of 16 ppm, a 13C spectral width of 180-220 ppm, 2 k data points
in F2, 256-512 increments in F1, and 1-2 scans per increment, using a standard sensitivity-
enhanced pulse program. 'H-*C HMBC spectra were acquired to confirm long-range con-
nectivity between protons and carbons separated by two or three bonds, using 1048 points
in F2 and 256 points in F1 over a bandwidth of 15 ppm in '"H and 220 ppm in *C. Sample
stability was monitored throughout the 48 h acquisition period in selected samples by
intercalating 'H NOESYPR1D spectra between the 2D experiments without removing the
sample from the rotor. Data acquisition and processing were performed using Bruker
TopSpin 3.7 (Bruker BioSpin, Rheinstetten, Germany) and MestReNova 11.0.4 (Mestrelab
Research, Santiago de Compostela, Spain). The Biological Magnetic Resonance Data Bank
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(BMRB) and Human Metabolome Database (HMDB) databases were employed as refer-
ence sources for metabolite confirmation [15,16].

3. Results
3.1. 'TH-HRMAS NMR Spectra of Compost Sample

HRMAS NMR was applied to the direct analysis of intact compost and frass samples
to characterize their metabolomic profiles. Representative monodimensional 'H HRMAS
NMR spectra of compost samples from different batches collected across different seasons
at the composting area of the Pluridisciplinary Institute are shown in Figure 1. The spectra
show marked differences. Figure 1a displays narrow, well-defined signals associated with
low-molecular-weight metabolites, whereas Figure 1b is dominated by broad resonances
characteristic of complex, partially polymerized organic matter. The broad signals are also
present in Figure 1a, but the spectrum is mainly characterized by the prevalence of sharp
low-molecular-weight resonances.

(b)

‘ (a)

Figure 1. Expansion of the 'H HRMAS NMR spectra of compost samples from different batches
obtained at the composting area of the Pluridisciplinary Institute of the UCM, showing the region
between 0.7 and 4.6 ppm. (a) Spectrum from batches collected during warmer months. (b) Spectrum

from batches collected during colder months.

Initially, seasonal variation in the composition of organic waste input to the compost-
ers (e.g., different fruit and vegetable residues in winter versus summer) was considered
the primary driver of inter-batch spectral variability. However, when the spectral data
were analyzed and subsequently correlated with the collection dates of each batch, a
stronger association was observed with seasonal fluctuations in the composition of the
decomposer community present in the outdoor composting area. In this facility, black sol-
dier fly larvae are consistently absent during winter and their biotransformation activity
is strongly restricted to the warmer months (approximately May-September), when am-
bient temperatures in Madrid increase. The metabolic activity of earthworms present in
the compost pile is reduced during the colder winter months, consistent with previous
studies showing lower growth and reproduction of Eisenia fetida under low-temperature
conditions [17]. Consequently, the spectral differences between batches are attributed to
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the seasonal presence or absence of black soldier fly larvae during compost formation.
Compost batches collected during colder months did not show the low-molecular-weight
resonances observed in batches collected during warmer periods, which displayed clearer
signals consistent with biological transformation. These sharp resonances are typically as-
sociated with small, mobile metabolites, such as free amino acids, low-molecular-weight
carbohydrates, organic acids, and betaine derivatives. In contrast, the colder-month spec-
tra were characterized mainly by broader signals from more complex and heterogeneous
organic matter derived from compost maturation and humification [18].

To further corroborate the hypothesis that the low-molecular-weight metabolites ob-
served in compost samples from batches produced during warmer months originated
from the metabolic activity of black soldier fly larvae and earthworms, frass samples from
black soldier fly larvae and Eisenia fetida earthworms obtained at the institute from speci-
mens present in the composting area were analyzed; the corresponding spectra are pro-
vided in the Supplementary Materials (Figure S1). 'H NMR spectra of both black soldier
fly frass and earthworm frass showed metabolomic profiles consistent with those ob-
served in compost samples displaying vermi-associated activity. In all samples ana-
lyzed —vermi-active compost, black soldier fly frass, and earthworm frass —the 'H spectra
were characterized by two singlet resonances at 3.27 and 3.91 ppm. These resonances were
present in compost batches showing low-molecular-weight metabolite signals and were
absent or markedly less intense in batches lacking vermi-associated activity.

To characterize and structurally elucidate the singlet resonances at 3.27 and 3.91 ppm,
two-dimensional HRMAS experiments (‘H-*C HSQC and HMBC, Figure S2) were per-
formed on compost samples collected during warmer months (when black soldier fly lar-
vae and earthworms were active) as well as on black soldier fly and earthworm frass. In
the HSQC spectrum, correlations at 3.27/56.55 ppm and 3.91/69.42 ppm were observed,
corresponding to the three equivalent N-methyl groups (CHs) and the methylene group
(CH>) of betaine, respectively. Long-range HMBC correlations between the 3.27 and 3.91
ppm 'H resonances and the carboxyl carbon (172.52 ppm) confirmed the trimethylglycine
structure. These data are consistent with glycine betaine (betaine).

The assignment of these resonances to betaine was further supported by comparison
with reference spectra from the BMRB and HMDB databases, along with the expected
chemical shifts, intensity ratio, and 2D NMR correlation pattern. The experimental and
reference spectra showed an excellent match for all diagnostic signals. Taken together,
these results provide strong support for assigning the resonances to betaine.

3.2. 'TH-HRMAS NMR Spectra of Tenebrio Frass Sample

As an additional validation of these findings, HRMAS spectra of Tenebrio molitor frass
were recorded. To provide a more controlled experimental system and further assess the
reproducibility of the observations, a pilot study was conducted using Tenebrio molitor
larvae. This system is more easily standardized under laboratory conditions throughout
the year, and the collection of frass is more straightforward and reproducible compared
with the outdoor composting system.

Figure 2 shows a representative 'H HRMAS spectrum of Tenebrio molitor frass. As
observed in the previous studies on black soldier fly larvae and earthworms, the spectrum
of the detritus is dominated by low-molecular-weight metabolites, and the signals at 3.27
and 3.91 ppm remain among the main resonances in the 'H spectrum.
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Figure 2. Expansion (0.7-4.6 ppm) of the 'H HRMAS NMR spectrum of Tenebrio molitor frass. Prom-

inent singlet resonances are visible at 3.27 and 3.91 ppm, corresponding to glycine betaine (betaine).

The '"H HRMAS spectrum of Tenebrio molitor frass showed a distinctive metabolite
profile, with prominent signals assigned to betaine (Figure 2). The resonances in the region
characteristic of trimethylated quaternary ammonium compounds were clearly visible,
forming a reproducible spectral pattern that differed from that observed in compost with-
out vermicomposting activity. The assignment of the principal resonances was also sup-
ported by 2D HSQC and HMBC spectra, which confirmed the connectivity and chemical
environment of the metabolites detected in the 1D spectrum. All monodimensional frass
spectra obtained from Tenebrio molitor displayed a similar profile, with betaine signals as
the main resonances. Analogous betaine-related signatures were also observed in frass
from fly-derived material and in earthworm vermicompost (Figure S1), supporting the
interpretation that these resonances are associated with vermi- and insect-mediated bio-
transformation across different matrices.

Although statistical analysis was not performed, the distinction between compost
samples with and without vermicomposting activity was evident from the spectra. Beta-
ine was present, and often the dominant signal, in samples associated with vermicom-
posting activity, whereas it was absent or detected only at trace levels in samples without
such activity. To further illustrate this point, an overlay of representative spectra from
multiple samples within each group has been included in the Supplementary Materials
(Figure S3).

3.3. Sample Stability During HRMAS Acquisition

The stability of the samples during HRMAS data acquisition was systematically mon-
itored by acquiring 'H NOESYPRI1D spectra at strategic time points throughout the ex-
periment. A 1D spectrum was recorded at the beginning of the acquisition and after ap-
proximately 24 h and 48 h of continuous spinning, corresponding to intermediate and
final stages of the complete 2D sequence. These control points ensured that any potential
changes in the sample could be detected during prolonged acquisition. Figure 3 shows an
expansion of the 'H NMR spectra between 2.0 and 4.2 ppm for the same compost sample
acquired at three time points: (a) initial spectrum, (b) after 24 h of acquisition, and (c) after
48 h of acquisition. As shown in the figure, the main metabolites displayed almost no
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variation over time, and the signals corresponding to betaine at 3.27 and 3.91 ppm re-
mained unaltered, with no significant intensity loss or line broadening over the course of
the experiment.

(©) after 48h

(b) after 24h

(@)

) T T T T T T T T T T T T T T T T T T T 1
41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 ppm

Figure 3. Expansion (2.0-4.2 ppm) of the IH NOESYPR1D HRMAS NMR spectra of the same com-
post sample acquired at three time points under continuous spinning: (a) initial spectrum, (b) after
24 h, and (c) after 48 h.

This confirms that betaine is chemically stable under HRMAS conditions and that its
detection is not affected by mechanical stress, spinning, or heating artifacts during pro-
longed acquisition. The absence of detectable degradation supports the interpretation that
betaine-related signals represent stable biochemical markers of vermi- and insect-medi-
ated biotransformation rather than transient degradation products.

4. Discussion

The present study shows that HRMAS NMR can directly discriminate compost and
frass samples according to their molecular signatures. Vermi-active compost, black soldier
fly frass, earthworm frass, and Tenebrio molitor frass consistently displayed sharp reso-
nances and a marked contribution from low-molecular-weight metabolites, whereas con-
ventional compost batches collected during colder months were dominated by broad sig-
nals from complex organic matter. This pattern agrees with previous reports that com-
posting and vermicomposting modify the chemical structure of organic matter, but it ex-
tends those observations by providing intact-sample metabolite information that is usu-
ally lost in extraction-based workflows [7,8].

The singlets at 3.27 and 3.91 ppm were identified as betaine based on "H-3C HSQC
and HMBC correlations, in agreement with the expected chemical shifts and comparison
to BMRB and HMDB reference spectra [12,14-16]. Betaine has been described as biochem-
ically diverse in earthworm tissues and as a key osmolyte involved in osmotic stress re-
sponses [19]. In bioconversion composts and vermicomposts, Huang et al. reported that
larval processing can increase betaine concentrations substantially, whereas conventional
composting tends to reduce them, likely due to transformations occurring during the ther-
mophilic and mesophilic phases [20]. Our findings are therefore consistent with the view
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that betaine-related metabolites are associated with insect- and vermi-mediated biotrans-
formation, and that HRMAS NMR can detect them directly in intact samples.

A key observation is that betaine signals were present in all samples with vermi or
insect activity (black soldier fly, earthworm, and Tenebrio molitor), but absent or markedly
reduced in compost batches collected during colder months. This seasonal difference is
likely linked to the absence or reduced activity of black soldier fly larvae and earthworms
during winter, which limits the production or preservation of mobile metabolites in the
composting matrix. Because all batches had undergone at least five months of maturation,
the persistence of betaine signals suggests that they may represent relatively stable bio-
chemical markers of bioconversion. The reproducibility of these signals in Tenebrio molitor
frass further supports this interpretation. In addition, the betaine singlets at 3.27 and 3.91
ppm remained stable throughout the HRMAS acquisition, with no significant intensity
loss or line broadening observed in 1D spectra acquired before and after each 2D experi-
ment. This confirms that betaine is chemically stable under HRMAS conditions and that
its detection is not affected by mechanical stress, spinning, or heating artifacts during pro-
longed acquisition.

From a methodological perspective, HRMAS NMR bridges two complementary an-
alytical scales. Solid-state 1*C NMR has been widely used to follow bulk transformations
in compost and vermicompost, especially the evolution of aromatic, aliphatic, and carbo-
hydrate fractions during humification [7]. However, these approaches are less suited to
detecting soluble or semi-mobile metabolites such as betaines. HRMAS NMR overcomes
this limitation by preserving the native matrix while providing enough resolution to ob-
serve both broad organic matter domains and sharp low-molecular-weight resonances
[12-14]. By contrast, commonly used chromatographic approaches such as HPLC, GC-
MS, and LC-MS generally require extraction, derivatization, and chromatographic sepa-
ration, whereas HRMAS NMR enables direct analysis of intact heterogeneous samples
with minimal preparation. While mass spectrometry-based methods offer higher sensitiv-
ity and more precise quantification, quantitative interpretation in HRMAS can be limited
by spectral overlap, sample heterogeneity, and solvent loss during rotor preparation.
Overall, integrating NMR and MS can provide a more complete metabolomic picture by
combining the structural information and reproducibility of NMR with the sensitivity of
MS [21]. Taken together, our results add a molecular layer of information that comple-
ments previous compost and frass studies based on solid-state NMR and FTIR [8].

The results also have potential agronomic implications. Compost and frass are in-
creasingly used as soil amendments and bioproducts, and their value depends not only
on nutrient content but also on maturation state and biochemical stability [2,9]. From an
agronomic perspective, the detection of betaine in vermi-active compost and insect frass
is relevant because this metabolite is a well-established osmoprotectant associated with
improved plant tolerance to drought, salinity, and temperature stress [20,22]. Exogenous
betaine has been reported to enhance osmotic adjustment, stabilize photosynthetic ma-
chinery, and reduce oxidative damage, thereby improving crop performance under ad-
verse environmental conditions [22]. Therefore, composts and frass containing betaine
may have value not only as nutrient sources but also as potentially bioactive soil amend-
ments in sustainable agriculture [20,22]. From an agronomic perspective, HRMAS NMR
allowed the direct characterization of intact compost and frass samples without extrac-
tion, which is a key advantage over conventional approaches that rely on HPLC-MS/MS
or NMR on purified extracts. Compared with conventional liquid-state NMR of compost
extracts, HRMAS NMR captures both polar and non-polar metabolites in intact samples
and may retain matrix-associated components lost during extraction. Unlike previous
studies that required extensive sample preparation [20], the present work identified beta-
ine as the main betaine derivative in all vermi-active and insect-derived samples, with
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singlets at 3.27 and 3.91 ppm consistently dominating the 'H spectra. The association of
betaine signals with biologically active residues suggests that this compound could serve
as a marker of transformation status in bioconversion-derived organic materials.

Overall, HRMAS NMR proved to be a useful and minimally invasive tool for the
direct characterization of compost and frass. The technique provides access to low-molec-
ular-weight metabolic fingerprints that are informative for tracking insect- and vermi-me-
diated biotransformation and may help establish more robust quality markers for circular
bioeconomy products.

5. Conclusions

HRMAS NMR enables the direct, non-destructive metabolic profiling of intact com-
post and frass, revealing glycine betaine as a characteristic low-molecular-weight marker
associated with vermi- and insect-mediated biotransformation. The stability of these sig-
nals during repeated measurements supports their potential use as biochemical markers
of biological processing in these matrices. In combination with conventional composi-
tional and agronomic analyses, this approach can contribute to a more comprehensive and
functional characterization of compost and frass, thereby supporting the development of
value-added products from agro-industrial and biowaste streams in the context of the cir-
cular bioeconomy.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/applbiosci5030063/s1, Table S1. Overview of the sample
types and sampling design used in this study. Figure S1: 'H NMR spectra of black soldier fly larvae
and earthworm frass; Figure S2: Two-dimensional 'H-*C HSQC and HMBC NMR spectra of frass;

Figure S3. 'TH-NMR spectra of samples with and without vermicomposting activity.
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The following abbreviations are used in this manuscript:

NMR Nuclear magnetic resonance
HRMAS High-resolution magic angle spinning
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HSQC Heteronuclear multiple quantum coherence

FTIR Fourier-transform infrared spectroscopy

2D Two-dimensional

1D One-dimensional

TSP 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt
BMRB Biological Magnetic Resonance Data Bank

HMDB Human Metabolome Database

HPLC High Performance Liquid Chromatography

GC-MS Gas chromatography—mass spectrometry

LC-MS Liquid Chromatography-mass spectrometry
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